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CHAPTER 1 
GENERAL INTRODUCTION 
Nucleic acids play an important role in the biochemistry of the cell. 
The most outstanding nucleic acid species are the DNA molecules which carry 
the genetic information and the RNA molecules which are involved in the 
translation of the base-sequence (genetic code) into the amino acid sequence 
(protein). In addition, nucleotides and their derivatives function in many 
other cellular processes. The DNA and RNA molecules consist of a chemically 
linked sequence of nucleotides; each nucleotide is composed of a purine or 
pyrimidine base, a deoxy- or ribose sugar ring and a phosphate group. 
Usually two types of purines are found in nucleic acid chains, i.e., adenine 
and guanine; the pyrimidines, which are occurring are thymidine or uracil 
and cytosine. The bases of two strands can form base pairs leading to the 
formation of a double-helical duplex structure (vide infra). When a sequence 
of bases is followed by a complementary sequence in the same chain, the 
polynucleotide may fold back on itself to form a hairpin structure. It 
consists of a base-paired double-stranded region and a loop of unpaired 
bases. 
The three-dimensional structure or conformation of nucleic acids is 
expected to be crucial for their biological function. Therefore, the 
structure of nucleic acids has been studied with various physico-chemical 
techniques. Among these. X-ray-diffraction is widely used for the determina-
tion of the conformation of compounds in the crystalline form. Studies by 
means of this technique revealed that DNA has a double-stranded structure 
and that DNA duplexes can adopt at least three different helical conformati-
ons: the right-handed A- and B-helices and the left-handed Z-helix. X-ray 
studies at atomic resolution gave much insight in the local conformation, 
i.e., base-sequence effects on the structure. However, the crystal structure 
can deviate considerably from the conformation in solution which depends on 
the temperature, the ion-strength, the pH and the presence of DNA-binding 
compounds. Here, various spectroscopic methods are very important in the 
study of the structure and dynamics of nucleic acids in solution. 
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Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) is an important spectroscopic method 
which can be used to study the conformational properties of nucleic acids in 
solution. For this purpose 2-dimensional NMR techniques are widely used and 
are subject of discussion in several reviews [1-4]. The interpretation of 
the 2D-NMR data can practically be divided into three stages: (1) the 
assignment of the resonances; (2) the examination of the global conformati-
on; (3) the study of the structural details. 
(1) Assignments of the resonances: Both NOESY (nuclear Overhauser enhance-
ment spectroscopy) and COSY (correlated spectroscopy) data sets are used to 
determine the spectral position of the resonances of the protons. Protons 
which are close in space (i.e., less than 4.5 À apart) can exchange magneti-
zation via dipolar relaxation [5]. This dipolar interaction of the protons 
is a through space interaction and is manifested via cross peak connectivi-
ties in a NOESY spectrum. In contrast, the cross peaks observed in COSY 
spectra [6] originate from coherence transfer which is induced by J-
couplings. The efficiency of this coherence transfer is dependent on the 
value of the J-coupling of the coupled spins. The assignment of the 
resonances of nucleic acids using both NOESY and COSY [7-9] is described in 
more detail in Chapter 4. 
In addition to NOESY and COSY other NMR experiments can be used to 
interpret the spectrum. The pulse schemes of some of these experiments are 
given in Fig. 1. The TOCSY experiment (total correlation spectroscopy) 
[10,11], also referred to as spin-lock COSY or HOHAHA experiment, can be 
used. Usually, the spin-lock pulse is replaced by a pulse train .e.g., MLEV-
17 [12]. During the spin-lock pulse (see Fig. 1) transfer of magnetization 
takes place between coupled spins. However, the magnetization transfer is 
not restricted to directly coupled spins. Coherence transfer may take place 
between spins which are not directly coupled, but which are both coupled to 
a third spin. This results in the occurrence of additional cross peaks. The 
advantage of this experiment is that the extra cross peaks might be found in 
a less crowded part of the 2D-spectrum, which simplifies the interpretation. 
Apart from coherence transfer, in the TOCSY experiment also Overhauser 
effects (through space magnetization transfer) and chemical exchange might 
occur. A modification of TOCSY in which these effects are amplified is ROESY 
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Fig 1. Pulse schemes corresponding to the 2D-NMR experiments which are 
currently important for the analysis of nucleic acids. The tj^  delay which is 
increased during the subsequent experiments is indicated. The t2 time domain 
corresponds to the free induction decays (FIDs) indicated with triangles. 
The NOESY, TOCSY and ROESY experiments use a mixing period t,,,. 
(rotation-frame Overhauser enhancement spectroscopy) [13]. In a ROESY 
experiment the power of the lock pulse is reduced but its length is 
increased (Fig. 1). Under these conditions the cross peaks mainly arise from 
Overhauser effects and chemical exchange. The Overhauser effect in NOESY 
experiments changes sign in molecules for which ыт
с
 = 1.1. At these 
conditions the NOE cross peaks will be weak or even absent from the 
spectrum. This is not the case in a ROESY experiment. This results in a 
higher sensitivity in the measurement of the dipolar interactions. Therefo­
re, the ROESY experiment can be used for the structural determination of 
small molecules (<і)т
с
 ~ 1.1). A second benefit is that possible cross peaks 
caused by chemical exchange are distinguished by a negative sign from the 
positive cross peaks originating from dipolar relaxation. 
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One of the disadvantages of the COSY experiment is the occurrence of 
the diagonal peaks in the disperse phase. The broad disperse peaks hamper 
the identification of cross peaks close to the diagonal. In the double-
quantum filtered COSY (DQF-COSY) experiment the signals from uncoupled spins 
(singlets) are canceled [14]. This is brought about by a third pulse which 
transfers double-quantum coherence into detectable magnetization (Fig. 1). 
Moreover, the diagonal peaks are now represented in absorption phase. This 
will increase the resolution near the diagonal. 
Another variant of the COSY experiment is the application of ω^-scaling 
[18,19]. This improves the efficiency of the coherence transfer between 
protons that have small couplings. In the standard COSY experiment the 
intensity of the cross peaks between these protons is weak because the 
evolution time during the t^-period is to short to allow optimum coherence 
transfer. The insertion of a 180° pulse in the t^-period (Fig. 1) allows a 
longer evolution period for the same number of t^-values. As a result, the 
chemical shifts are scaled down by a factor (1-k) whereas the couplings are 
unaffected. In addition, a higher resolution of the coupling pattern of the 
cross peaks is obtained. In this way the fine structure of the Hl'-HZ' and 
HI'-HZ" cross peaks can be made visible and cab be used to assign stereo-
specifically the H21 and H2" resonances in S-type sugars [20]. 
A simplification of the multiplet cross pattern can be obtained by 
application of Ε-COSY (exclusive correlation spectroscopy) or p-COSY (small 
flip-angle correlated spectroscopy) [21]. In these experiments the transfer 
through directly connected transitions results in the formation of cross 
peaks, while the signals originating from the other transitions are canceled 
or relatively small. This reduces the number of peaks within the cross peak 
multiplet with 50 %. 
The investigation of the properties of nucleic acids is often restric­
ted to the analysis of the non-exchangeable protons. Sometimes it is 
important to study the exchangeable amino- and imino protons as well. One of 
the methods to measure NOESY spectra of a H2O sample is the replacement of 
the 90° acquisition pulse by a semi-selective excitation pulse [22]. This 
pulse is referred to as TSLONG (time shared long pulse) and consists of ten 
9° pulses, separated by a short delay (Fig. 1). The carrier is placed at the 
edge of the spectrum. In this way the excitation profile will be maximal at 
the low field part of the spectrum and minimal at the frequency of the HoO 
4 
resonance. No solvent saturation is applied, because in that case the 
exchangeable protons will be saturated indirectly. 
Up to now, the conformational analysis of nucleic acids has been 
focussed on the use of ^H-NMR studies. For the determination of the 
structural details of a DNA fragment it is advantageous to study the ^C and 
τ 1 
-'
iP nuclei too. Vicinal J-couplings between hetero nuclei are informative 
with respect to the conformation of the sugar phosphate backbone of the 
double helix. One of the experiments which can be used to assign the 
resonances of the J 1 P or " C spectrum after assigning the Η spectrum, is 
the ^,Χ COSY experiment [23], in which X stands for 31P or 13C. In this 
experiment the magnetization is carried from the proton to the X-nucleus by 
means of the J-coupling. The transfer of the magnetization is detected on 
the X nucleus. This experiment has a low sensitivity: The sensitivity of " C 
(natural abundance 1,1 %) in a 100% enriched sample is roughly 4 times lower 
than 1H. Therefore, the experiment is restricted to highly concentrated or 
1 3 
С enriched samples. An alternative method is given by the so-called 
inverse experiment [24]. In this experiment the magnetization is transferred 
from 1H to " C and subsequently back to the proton. In this case the 
transfer of magnetization is detected with the sensitivity of ^Η-nuclei. The 
increase of the sensitivity relative to the normal 1-dimensional ^ C 
measurement amounts to 31,6 % for the ideal case. 
The introduction of 3D-NMR [25,26] may result in an enhancement of the 
resolution in comparison with the aforementioned 2D-techniques. The first 
3D-NMR experiments applied to biomacromolecules are promising [25-28]. 
(2) Examination of the global conformation: The presence of weak or strong 
connectivities in nuclear Overhauser spectra and correlation spectra can be 
used for the determination of the global conformational features of nucleic 
acid molecules. Fig. 2 presents various distances between the protons of the 
mononucleotide unit (Fig. 6). The conformational space available for this 
mono nucleotide unit is spanned up by the pseudorotational parameters Ρ 
(pseudorotational phase angle) and ф
т
 (pucker amplitude) and the glycosidic 
torsion angle χ (see next section); the definition of χ is given in Table I. 
The sugar to base inter-proton connectivities vary significantly as a 
function of the sugar conformation and the glycosidic torsion angle. The 
corresponding simulated NOE intensities have been plotted in Fig. 3 as a 
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360 
Fig. 2. H-Η distances of the conformational space available for the 
mononucleotide unit of the DNA molecule. Several distances are calculated as 
a function of the sugar conformation, i.e., the pseudorotational phaseangle, 
P, and the pucker amplitude, ф
т
 (A-I) and the glycosidic torsion angle χ (J-
M): (A) Hl'-Hl', (В) НГ-Нг", (С) НХ'-НЗ'. (D) HI'-HA', (E) Нг'-НЗ', (F) 
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360 
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180 Ρ 
90 
270 
ΙβΟΡ 
Ι 90 
ΗΖ'-ΗΑ
1
, (G) П2" , (Η) HZ'^HA', (Ι) НЗ'-НА', (J) Η6/Η8-Η21, (К) Η6/Η8-Η2", 
(L) Η6/Η8-Η2" and (Μ) Нб/Нв-НІ'. Note that the contours which connect the 
equal distances are drawn in steps of 0.05 Â for the H-H distances presented 
in А, В, С, E, F, G and I. These distances are almost constant and vary only 
slightly. The H-H distances for HI'-HA' (D) and Нг"-^' (H) are the only 
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sugar proton distances that apparently vary as function of the sugar 
conformation. These contours are drawn in steps of 0.1 Â. The most outstan-
ding sugar-base distances are contoured in steps of 0.5 Â (J-L). The H6/H8-
Hl' distance (M) does not depend on the sugar conformation and is plotted as 
a function of χ only, 
Table I. Definition of the torsion angles in nucleic acids. 
a 
ß 
Ύ 
δ 
E 
ζ 
Χ 
χ 
(Py) 
(Pu) 
0 3 ' 
Ρ 
0 5 ' 
CS' 
CA' 
СЗ' 
0 4 ' 
0 4 ' 
-Ρ 
- 0 5 ' 
-CS' 
- 0 4 ' 
-СЗ' 
- 0 3 ' 
-Cl ' 
-Cl ' 
- 0 5 ' 
-CS' 
- 0 4 ' 
-СЗ' 
- 0 3 ' 
-Ρ 
-NI 
-Ν9 
-CS' 
-CA' 
-СЗ' 
- 0 3 ' 
-Ρ 
- 0 5 ' 
-C2 
-C4 
v0 
vl 
v 2 
v3 
v4 
С4 ,-04 ,-СГ-С2 І 
см'-а'-сг'-сз' 
а'-сг'-сз
1
^· 
С2,-СЗ,-С4|-04| 
СЗ'^'-СМ'-С!' 
function of Ρ and χ. Only the Hl'-IM' and the н г " - ^ distances between 
protons of the sugar ring vary to some extent (cf. Fig. 2) and are useful 
for the determination of the sugar conformation. J-couplings are much more 
sensitive for the sugar conformation than most of the NOE intensities (cf. 
Figs. 2-4). The J-coupling constants of the sugar ring protons have been 
calculated as a function of Ρ and <j>
m
 and are presented in Fig. 4. The J-
couplings corresponding to the sugar phosphate backbone are also of 
interest. Therefore, the H-^H and ^H-^^P coupling constants, which are a 
function of the backbone torsion angles β, γ and E, are presented in Fig. 5. 
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Fig. 3. Contour plots which represent the base-sugar NOE intensities 
calculated for the conformational space available for the mononucleotide 
unit. The NOEs have been calculated with the aid of the NOESIM program, 
which accounts for spin diffusion (see Chapter 7). The NOEs correspond to a 
molecule with a τ„ of 1.5 ns and corresponds to NOESY spectra recorded with 
a mixing time of 0.2 s at 500 MHz. (A) Нб-НІ', (В) Hó-Hl', (С) Η6-Η2", (D) 
Нб-НЗ'. Contours are drawn in steps of 0.01 for A and С In the plots for 
Нб-Нг' (В) and Нб-НЗ' (D) in which the variations of the NOEs are more 
prominent as compared to A and C, the contours are drawn in steps of 0.02. 
The NOEs and J-couplings observed for a particular nucleic acid 
molecule can be used for a qualitative derivation of the structure. This 
information permits, for instance, to discriminate between A-, B-, and Z-
type DNA. The conformational properties of the A-, B- and Z-helices are 
summarized in Table II. Using this table in combination with the plots 
9 
270 360 
Fig. 4. Sugar ring ^Н-^Н coupling constants as a function of the conforma­
tional space available for the sugar ring. These coupling constants have 
been calculated with the aid of the EOS Karplus equation and corrected for 
the Barfield transmission effect (see Chapter 7). Contours are drawn in 
steps of 1 Hz. (А) ^'г'» (B) Ji'2"» (c) ^'З'» ^ ^ " З ' and (E) J3141. 
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Table II. Torsion angles for regular A-RNA, A-, B- en Z-DNA 
α p γ δ ε ζ χ sugar 
Α-ΗΝΑ 
Α-DNA 
B-DNA 
Z-DNA G 
Z-DNA С 
29Д 
285 
31A 
52 
250 
189 
208 
214 
207 
192 
49 
45 
36 
178 
54 
95 
83 
156 
76 
147 
202 
178 
155 
288 
257 
294 
313 
264 
102 
269 
202 N-type 
206 N-type 
260 S-type 
89 N-type 
201 S-type 
0 90 180 270 360 
Fig. 5. J-coupling constants calculated for (A) J4151, (B) .141511, (^ ) 
J51P, (D) J5»p or J31P as a function of β, γ or ε. .1415' and ¿4'5" corres-
pond to γ; Jß'p corresponds to ε; Js'p and J5"p correspond to 0. The 
coupling constants were calculated by means of the Karplus equations 
[131,132] given in Chapter 2 and 7. 
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presented in Figs. 2-4 one can investigate which particular NOEs and J-
coupling constants correspond with an A-, B- or Z-type helical structure. 
The A-type helical conformation is characterized by strong intra-
nucleotide NOEs between the aromatic H8 or H6 resonances and the H31 
resonances (x a n , N-type sugar; cf. Fig. 3). The coupling constants of the 
sugar proton resonances ^"31 and ^з'д' are strong, while Ji'21 ^ 8 weak (N-
type sugar; cf. Fig. Д). The coupling constants of the backbone protons 
J415M are small (γ+; cf. Fig. 5). These data differ from those corresponding 
to B- or Z-DNA. The inter-nucleotide NOEs between the H6/H8 resonances and 
the НЗ' resonances of B-DNA ( x a n t l , S-type sugar) are much weaker compared 
with Α-DNA (cf. Fig. 3). The cross peaks between the aromatic resonances and 
the 112' and H2" resonances are strong. The coupling constants of the sugars 
(S-type) are characterized by small ^"31 and J^'A' coupling constants and a 
large value for the ¿i'j1 coupling constants (cf. Fig. 4). 
The Z-helix follows an alternating pattern for the conformation of the 
subsequent С and G units (cf. Table II). The G units (χ5^11, N-type sugar) 
are characterized by strong NOEs for the HS-Hl' pairs and weak NOEs for the 
other base-sugar connectivities, whereas for the С units (x a n t l, S-type 
sugar) weak Нб-НІ' NOEs will be observed. The sugar conformations of the С 
and G residues can be distinguished on the basis of the Ji^'» ^ " з 1 an(l 
J3141 coupling constants (see above). The coupling constant /^,15» has a 
large value for the G-part (γ ) and a small value for the С part (γ ). 
It should be emphasized that most of the DNA and RNA species are not 
conformationally pure. Therefore the NOE and J-coupling data can only be 
used for a detailed structure elucidation if all experimental data fit to 
one structure (in that case the conformation is rigid). 
(3) Examination of the details of the structure; The details of nucleic acid 
structures can be studied after collection of NOE cross peak intensities and 
vicinal J-coupling constants. At present, several methods are used to 
translate these data into a structure. In one approach the initial NOE 
build-up rates are used for a direct determination of the distances. In this 
determination a well-known molecular distance, r
r
ef » i-s used as internal 
reference (r
r
ef)· ^ 6 unknown distance, rjì» between spin i and j is 
calculated using Eq. 1, in which this distance relates to the reference 
distance according to [29]: 
12 
rij - rref ( aref I ^ j ) (1) 
in which OJJ stands for the cross relaxation rate between proton spin 1 and 
j, the slope of the NOE buildup curve at t = 0. The approximations introdu-
ced into the relaxation theory to derive Eq. 1 are discussed in more detail 
in Chapter 7. Here it is just mentioned that the use of Eq. 1 may introduce 
severe errors in the distance determination [30] because the relaxation in 
large molecules is not limited to pairs of spins. It is better to include 
all protons of the molecule in the considerations. This can be achieved by a 
calculation of the complete relaxation matrix. After diagonalizing this 
matrix the cross peak intensities can be calculated (cf. Chapter 7, Eqs. 6-
10). This procedure can been applied to an isotropically tumbling molecule 
[31,32], but the effects of internal motions can also be added with the aid 
of jump-models [33,34] or with a model-free approach [35]. 
Torsion angles of the sugar-phosphate backbone and sugar conformations 
can be estimated from an evaluation of coupling constants, using parametri-
zed Karplus equations [36] (Chapter 2, Eq.4; Chapter 7, Eq. 1-4; cf. Figs. 
4-5). When the structure is not conformationally pure, the experimental 
couplings reflect the weighed average of the couplings corresponding to the 
different conformations involved. 
The structural data, i.e., distances and torsion angles, can be used to 
derive a 3-dimensional model. Currently distance-geometry, restrained 
molecular dynamics/mechanics [36-38] and simulated annealing are powerful 
methods to achieve this [39-41]. However, in spite of the widespread 
application of these methods, the sampling properties of these methods [42] 
are of concern [30]. In this thesis multi-conformational analysis is 
applied. This method provides a proper sampling of the conformational space, 
when the distances between the sample points are not too large. In practice, 
this is connected with cpu-times which may become prohibitively long. 
Recently, the explorative properties of the multi-conformational analysis 
and the exploitative properties of simulated annealing have been combined 
using the concept of the genetic algorithm [43,44]. Currently this approach 
is under development and is successful for small molecules up to 500 D or 
parts of larger molecules. 
However, the analysis of DNA hairpins which appeared in the literature 
has by necessity often been restricted to model building (and subsequently 
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molecular mechanics/dynamics refinement) since sufficient NMR data were 
mostly lacking. In spite of the applications of the above model building 
methods, it is important to realize which structural details can be 
determined by means of the experimental (NMR) data. In this context it must 
be recognized that ^H-^H distance constraints alone, give a poor description 
of the structural parameters of nucleic acids [30,42]. 
Description of the conformation of nucleic acids. 
DNA is a linear polymer of nucleotides [AS]. Each nucleotide unit of 
this molecule consists of a deoxy-ribose sugar ring, a phosphate group and a 
base. The base can be adenine, guanine, thymine or cytosine. The unit with 
an adenine base is shown in Fig. 6, where the numbering of the sugar protons 
is given. The definition of the torsion angles (Fig. 6) determining the 
nucleic acid conformation are collected in Table I. The values of these 
torsion angles are usually expressed in terms of the classical rotamers 
gauche , trans or gauche" (see Figure 7A). Newman projections for the 
classical rotamers of the torsion angles β, γ and e are given in Fig. 8. 
Fig. 6. The nomenclature used for the description of the torsion angles 
and atoms of the nucleotide unit in DNA. See also Table I. 
1A 
North (Ν) 
ιβο 
Fig. 7. Schematical representation of the torsion angles (A) and sugar 
conformations (B). (A) The conformation of a torsion angle is often referred 
to as gauche"1- (around 60°), trans (around 180°) or gauche" (around 300°). 
The Newman projection in the center indicates a gauche"1" conformation. When 
the torsion angle is around 120° or -120° the conformation is referred to 
anticlinal (ac). For the orientation of the base, the syn-trans nomenclature 
is used, according to the position of the base relative to the sugar. Then 
the torsion angle χ adopts the values indicated. (B) The sugar conformation 
can be expressed in terms of pseudorotational phase angle, P, and pucker 
amplitude, ф
т
. The sugar conformations are often represented in a pseudoro­
tation wheel shown here. Regions are indicated for which most sugar 
conformations are experimentally observed. These conformations share the N-
and S- domain of the conformation wheel. The twist conformations with Ρ = 0° 
and Ρ = 180° have been indicated in these regions. 
The conformation of the five-membered sugar ring can be described by 
means of two parameters: the pseudo-rotational phase angle, P, and the 
pucker amplitude, Ρ can be calculated from the endocyclic torsion angles 
^ (see Table I) according to [46]: 
Ρ = arctan 
(
 д
 + ^ - (v3 - v 0) 
2 v- (sin 36° + sin 72°) 
(2) 
The phase angle Ρ = 0° is chosen such that the torsion angle V2 has a 
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Fig. 8. Newton projections for the allowed staggered conformations 
apparent for the sugar phosphate backbone torsion angles β (P-051-CS'-C41), 
γ (OS'-CS'-CA'-CS1) and ε (CA'-СЗ'-03'-Ρ). 
maximum value. The five endocyclic torsion angles are related to the pseudo-
rotational parameter Ρ and pucker amplitude ф
т
 by: 
Vj = ф
т
 cos (P + 144° j) j = 0 - 4 (3) 
The backbone torsion angle 6, is strongly correlated to the sugar conforma­
tion [36]: 
& = 120.6° + 1.1 ф
т
 cos (P + 145.3°) (4) 
The ribose and deoxyribose sugar conformations of a representative number of 
crystal structures are clustered around C3l-endo and C2'-endo geometry, 
respectively [47]. The corresponding ranges for the pseudorotational phase 
angle are indicated in Fig. 7B. Because it concerns conformations in the 
upper and lower part of the pseudorotation circle, the two classes are 
often referred to as N-type (North-type) and S-type (South-type) sugars. The 
furanose sugars have also been subjected to molecular mechanics calculations 
[48,49]. Two energy minima were found, which correspond to the N-type and Β­
ίο 
type conformations observed in the crystal structures. According to the 
calculations the energy barrier between the two conformers is only a few 
kcal. This suggests that the two conformations may interconvert rather 
easily. The dynamics of the (deoxy-)ribose ring has further been examined 
with the aid of NMR spectroscopy. The determination of accurate values for 
the J-couplings of the sugar ring protons makes an estimation of the sugar 
conformation(s) feasible. It appeared that the coupling constants are better 
described with a two-state model, which accounts for the N-S equilibrium, 
than by one pure conformation which deviates significantly from the N- or 
the S-state. This is demonstrated in Fig. 9 where different values of the 
J3141 and ^ ' 2 ' c o upli ng constants for possible values of Ρ (with ф
т
 equal 
to 30, 35 and 40) are plotted. In addition, the values of a representative 
number experimental coupling constants [30] are introduced by means of dots. 
These experimental data scatter around a line, which connects the P-values 
calculated for a pure N- and S-type sugar. In this thesis the 'two state 
model' is adhered to although it is not generally accepted. 
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Fig. 9. The coupling constants J i ^ ' a nd ^ З ^ ' a r e calculated as in 
Fig. 4 for all values of Ρ and for ф
т
 = 30, 35 and 40 respectively. This 
results in the presented three curves. The coupling constants connected to 
the Ρ = 0° and Ρ = 180° are indicated with N and S. The experimentally 
observed coupling constants available from the literature are presented here 
as dots. These dots do not fall on the curves, but scatter around a line 
which connects the coupling constants of N- and S-type conformations. This 
strongly suggests that the sugar conformation exhibits an equilibrium 
between N- and S-type conformations. 
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The experimental J-coupling constants which monitor the conformation of 
the backbone torsion angles β, γ and E also suggest that these angles are 
not conformationally pure [36]. Therefore, the experimental coupling 
constant, J
e Xp, represent the sum of the coupling constants corresponding to 
the various rotamers: 
J
exp = ^ xi Ji (5) 
i 
In this equation x^ and J^ represent the molar fraction and the coupling 
constant of the rotamer i, respectively. 
The intrinsic complementarity of the bases in the DNA helix is 
important for the function of DNA [50,51]. Figs. 10A and 10B show the 
geometry [52,53] of the most common base pairs: Α-T and G-C. These base 
pairing schemes were first discovered by Watson and Crick [54]. It is 
noticed that the angle between the drawn dashed lines between both CI' 
protons of both residues of a Watson-Crick base pair and the Cl'-N bonds 
are almost equal. Therefore a pseudo-axis of symmetry exists, through which 
inversion of the base pair in the double-helix is possible. It will be shown 
in Chapter 5 that this pseudo-symmetry axis is lost when the base pair is 
not flat but buckled. Besides Watson-Crick base pairs other types of base 
pairing have been found, e.g., the so-called Hoogsteen pairing which was 
discovered with the aid of X-ray diffraction. The hydrogen bonding scheme of 
such an alternative Α-T pair is shown in Fig. IOC [55]. Because the angles 
between the line which connects both CI' atoms and the lines through the 
Cl'-N bonds differ substantially [56] from each other, a pseudo-axis of 
symmetry is not present in this base pair. This type of pairing is found in 
the hairpin formed by d(ATCCTA-TTTA-TAGGAT) (see Chapter 6 and 7). 
DMA hairpins 
Hairpins occur frequently in RNA. They are recognized as one of the 
basic units of the secondary structure of RNA. E.g., the tRNA molecule folds 
up in a L-shaped tertiary structure in which three loops are formed. In 
spite of the double-stranded nature of DNA, there is increasing evidence 
that hairpins may also be formed in DNA and that they have interesting 
biological implications. 
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в 
Fig. 10. Standard Watson-Crick A-T (A) and C-G (В) pair and the A-T (C) 
Hoogsteen pair. The distances between the CI' atoms crossing the minor 
groove are given as well as the angles between the (dashed) line which 
connect the CI'-atoms and the Cl'-N bond. 
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Sequence Reference 
d( CGCGCG-'iTiT-CGCGCG) 
d(CGCGCGCGCG-TTTT-CGCGCGCG) 
d(CGCG-TTTT-CGCG) 
d(CGCGC-GATC-GCGCG) 
d(CGCGC-GTAC-GCGCG) 
diCGCGCG-TTTTT-CGCGCG) 
d(CGCGCG-AAAAA-CGCGCG) 
d(CGCG-TATA-CGCG) 
d(CGC-GATTC-GCG) 
d(CGCG-AATT-CGCG) 
d(CGCG-TTGTT-CGCG) 
d(CGCG-TTTGT-CGCG) 
d(CG-CGTG-CG) 
d(CG-CGAG-CG) 
d(CG-CTAG-CG) 
d(CGC-CGCA-GC) 
d(CGC-CGTA-GC) 
d(GC-GAAA-GC) 
d(..TATA-TATA-TATA..) 
d(ATCC-TATA-GGAT) 
d(ATCC-TATTA-GGAT) 
diATCCT-A'lTT-AGGAT) 
d(ATCCT-ATTTT-AGGAT) 
d(ATCCTA-TTTT-TAGGAT) 
d(ATCCTA-TTTTT-TAGGAT) 
d(ATCCTA-TTTTTT-TAGGAT) 
d(ATCCTA-TTTTTTT-TAGGAT) 
d(ATCCTA-CTTG-TAGGAT) 
d(ATCCTA-GTTC-TAGGAT) 
[65-67] 
[68] 
[26,69,70] 
[71,72] 
[71,72] 
[71,73] 
[71] 
[74] 
[75] 
[76] 
[77,78] 
[79] 
[81-83] 
[80] 
[84,85] 
[86,87] 
[86] 
[88] 
[89,90] 
[91-95] 
[91-95] 
[91-95] 
[81-95] 
[91,92-97] 
[91-95] 
[91-95] 
[91-95] 
[98-100] 
[98-100] 
Table III. DNA hairpins that have 
studies. 
Sequence Reference 
d(ATCCTA-TTTA-TAGGAT) 
d(ATCCTA-ATTT-TAGGAT) 
d(ATTACG-CTTG-CGTAAT) 
d(ATTACG-GTTC-CGTAAT) 
d(ATTACG-TTTT-CGTAAT) 
d(ATCCTA-TAAA-TAGGAT) 
d(ATCCTA-AAAA-TAGGAT) 
d(ATCCTA-AAAC-TAGGAT) 
d(ATCCTA-AACA-TAGGAT) 
d(ATCCT -AAAT -AGGAT) 
d(ATCCTA-AAAAAA-TAGGAT) 
d(ATCCTA-CTGG-TAGGAT) 
d(ATCCTA-CGTG-TAGGAT) 
d(ATCCTA-CAAG-TAGGAT) 
d(ATCCTA-GAAA-TAGGAT) 
d(ATCCTA-GTTA-TAGGAT) 
dCCGAACG-TTIT-CGTTCG) 
d(CGAACG-AAAA-CGTTCG) 
d(CGAACG-CCCC-CGTTCG) 
d(CGAACG-GGGG-CGTTCG) 
d(CTCCTC-TTGTT-GAGGAG) 
d(CGCGTA-CGCG-TACGCG) 
d(CCA-ATTT-TGG) 
dCCCA-TTTT-TGG) 
dCCCAA-'m'-TTGG) 
d(GAATTC-TTT-GAATTC) 
dCGAATTC-'iTTT-GAATTC) 
d(GAATTC-AAAA-GAATTC) 
98-101] 
98-100] 
100] 
100] 
100] 
100] 
100] 
100] 
100] 
100] 
100] 
102] 
102] 
102] 
102] 
102] 
103] 
103] 
103] 
103] 
79] 
104] 
105] 
105] 
105] 
106] 
106] 
106] 
subject to NMR and/or UV-melting 
Inverted repeats or palindrome sequences are often found in non-coding 
regions of the genome. It has been proposed that these sequences in double-
stranded DNA may be converted into a cruciform structure, in which two 
hairpins are present [57]. These cruciform structures might be a mechanism 
to relax torsional stress in negatively supercoiled plasmids. The formation 
of cruciforms has indeed been demonstrated in synthetic as well as in 
natural circular DNAs [58,59]. 
Hairpin formation may also be functional in species, which carry the 
genetic information in a single stranded DNA molecule, e.g., in single 
stranded phages. The DNA of various filamentous phages, among them the 
phage M13, has been sequenced and the complete intergenic region of these 
phages carries five distinct hairpin domains. The origin of replication is 
located in one of these putative hairpin loops. Recently, it has been shown 
that a 51-mer oligonucleotide, harboring the sequence around the origin of 
replication of bacteriophage M13 indeed folds into a higher order structure 
in which two hairpins are apparent [60]. 
Sequences of purines in one strand and pyrimidines in the other occur 
frequently in prokaryotes as well as in eukaryotes. One half of the 
polypurine tract and the center of the polypyrimidine are often associated 
with Sl-nuclease sensitive sites under supercoiled pressure, which indicates 
that these sequences then adopt a special structure. The formation of this 
structure is supported when the pH is lowered. This sensitivity for Sl-
nuclease and pH can be explained when the DNA adopts a triple-helical stem-
loop structure, also referred to as H-DNA [61,62]. In this structure the 
double-stranded polypurine-polypyrimidine is converted into a hairpin, a 
single-stranded polypurine and a polypyrimidine strand which is associated 
to the major groove of the hairpin stem. 
Guanine-rich sequences, such as d(TT-GGGG-TT-GGGG) are found in the 
telomeric ends of eukaryotic chromosomes. Oligonucleotides with these 
sequences dimerize to form a quadruplex consisting of two hairpin loops; the 
stem of the hairpins are associated to form an 'antiparallel quadruplex, 
containing guanine base tetrads [63,64]. 
During the last 10 years the structures and thermodynamic properties of 
DNA hairpins have been studied extensively [30]. Table III gives an overview 
of the oligonucleotides which have been investigated with the aid of NMR or 
by means of melting experiments. The availability of synthetic oligo-
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nucleotides in rog amounts [107] has given the DNA-hairpin studies an 
enormous stimulus. The biophysical investigations of DNA hairpins by various 
groups is currently concentrated on two questions: what is the optimal 
number of nucleotides in a hairpin loop and how can the folding, i.e., 
structure, of the hairpin loop been characterized. At this stage a simple 
answer to both of these questions is not available. This is caused by the 
fact that the detailed loop structure depends on the loop size and on the 
nucleotide sequence of the hairpin. 
Studies on loop folding 
Hairpins consist of a double-helical stem closed by a single-stranded 
loop region. The melting of the hairpin induces hyperchromicity effects. The 
thermodynamic parameters of the hairpin-to-coil transition can be derived 
from the UV-absorbance-temperature curve. Pioneering studies have been 
carried out by Baldwin and co-workers, who investigated the melting behavior 
of d(AT)
n
 hairpins [89,90]. It was found that these hairpins form a loop of 
four nucleotides. Haasnoot et al. studied a series of hairpins formed by 
d(ATCCTA-T
n
-TAGGAT), in which η = 1-7 [91]. It was concluded that, at least 
for this series of hairpins, optimal stability was reached when the loop 
consists of four or five nucleotides. These results were in contrast with 
those available at that time for RNA hairpins. For the series r(AAAAAA-U
n
-
UUUUUU) in which n= A, 5, б and 8 [108] and r(AAAAG-C
n
-UUUU) in which η = A, 
5 and 6 [109] an optimal stability was reported for hairpins with a loop of 
six or seven nucleotides. To explain these differences in stability, it was 
assumed that the double-helical stem of a RNA hairpin has an A-type helical 
structure whereas its counterpart in the DNA hairpin has a B-type helical 
structure [110]. If one then tries to build a loop on one end of .e.g., an 
Α-stem and one extends its stacking pattern at the 5'-end with five 
nucleotides a small gap remains between the 5'-phosphate of the first and 
the 3'-phosphate of the other strand. This is illustrated in Fig. 11. This 
gap can easily been closed by one or two nucleotides. This architecture of 
an A-type hairpin loop structure is indeed found in the crystal structure of 
the anticodon loop of the tRNA molecule, where the folding is essentially 
the same (cf. Fig. 12). Extension of the З'-end of the A-type double helix 
in an A-type single-helical fashion does not lead to the necessary reduction 
of the inter-strand phosphate distance (cf. Fig. 1, Chapter 5). The base 
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B-DNA A-RNA 
Fig. 11. A structural model of an A-RNA hairpin can be obtained when an A-
type double helix is extended at the 5'-end with five residues in an A-type 
helical fashion. In that case, a gap of 11 Â remains to the other strand, 
indicated with the dashed line which can be closed by two nucleotides. In 
contrast when the other strand, i.e., the S'-end, of a B-type double helix 
is extended with three nucleotides, then the gap (dashed line) to the other 
strand obtains a minimum value of 11 Â. 
stacking extension of the 5'-end, which shortens the inter-strand phosphate 
distance in A-RNA, does not lead to a reduction of the inter-strand gap in 
DNA hairpins with a B-type stem. In contrast, there the З'-end of the B-type 
double helix has to be extended with (only) two or three nucleotides, to 
obtain a distance between the 3'-phosphate and the 5'-phosphate of the other 
strand which is short enough to close the remaining gap with one or two 
nucleotides [94,110]. This is shown in Fig. 11. The 2D-NMR data obtained at 
that time for the DNA hairpin formed by d(ATCCTA-TTTT-TAGGAT) corroborate 
this type of loop folding. Thus, the observed differences between the DNA 
and RNA hairpins can be explained by a simple loop folding principle, which 
assumes that the A- and B-type stacking pattern of at least one strand of 
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the double helix is propagated into the loop. Hence, the structure of a 
hairpin loop is dictated by the geometrical constraints imposed by the A-RNA 
or B-DNA helix [94]. The folding principle is discussed more extensively in 
Chapter 5, where it is proposed that the details of the folding may depend 
on the nucleotide sequence of the loop or even of the stem. Investigations 
which were conducted to verify and further refine the loop folding principle 
are presented in this thesis. 
Along with these investigations two hairpins, i.e., d(CGCG-TTTT-CGCG) 
and d(CmGCm-GT-GCmG), have been studied in other laboratories with the aid 
of NMR spectroscopy [69,81] and detailed models for these hairpins have been 
proposed. 
Fig. 12. The structure of yeast tRNAttle determined with the aid of X-ray 
diffraction [130]. The anticodon loop, at the bottom of the presented 
model, represent an example of loop folding in an A-RNA hairpin. Five bases 
in the anticodon loop, i.e., -AYAAGjj,- which are numbered 1-5, follow the 
stacking pattern of the stem on top of the 5'-end of the double-helical 
stem. Then the remaining gap is bridged by the two remaining nucleotides, 
i.e., -UCm- which are numbered 6 and 7. 
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The hairpin formed by d(CGCG-TTTT-CGCG) has been investigated by means 
of NOESY [69]. The resonances of the base and sugar protons, excluding the 
HA', HS' and H5" resonances, were assigned. Buildup rates of the cross peak 
intensities were obtained. Inter-proton distances were calculated using Eq. 
1 of this chapter, using the cytidine H5-H6 proton pair (for which the 
distance is known) as a reference. It is noted that this procedure does not 
account for spin diffusion. The obtained inter-proton distances were used 
subsequently for a determination of the hairpin structure with the aid of 
distance-geometry calculations. The structural details are subject to 
discussion because some of the structural parameters are not realistic on 
physical grounds, but the global folding of the loop may be correct. The 
third and fourth thymidine in the loop stack on the 5'-end of the stem. In 
the same way the stacking-pattern of the stem is continued at the S'-end 
with one nucleotide. The sugar of the second loop thymidine makes the turn 
and joins the first and third residue. The stacking of the bases in the loop 
is different from that proposed for the aforementioned hairpin formed by 
d(ATCCTA-TTTT-TAGGAT). Therefore the folding seems to deviate from the 
prediction. However, as a result of the studies described in this thesis, 
the formulation of the loop folding principle is further extended and 
refined. Then, the structure of the hairpin formed by d(CGCG-TTTT-CGCG) can 
be explained. 
The oligonucleotide d(CmGCm-GT-GCmG), in which the cytidines are 
methylated at C5, forms a 'mini-hairpin' with the base stacking pattern, 
which is predicted by the loop folding principle [81]. The hairpin forms a 
loop of only two nucleotides. The existence of two-membered loops seems to 
be at variance with the earlier statement that DNA hairpins have an optimum 
loop size of four or five nucleotides. This loop can be considered as a 
four-membered loop in which the first loop base (cytidine) and the fourth 
loop base (guanine) have adjusted their position to enable base pairing. 
This interpretation is supported by the observation that some hairpins with 
the potential to form a two-membered loop adopt a four-membered loop 
structure (cf. Chapters 5 and 6). The H spectrum of the mini-hairpin was 
assigned completely. The conformations of the sugar moieties were derived 
from the coupling constants of the sugar ring protons. All sugars have 
predominantly a S-type conformation, even those of the loop. The cross peak 
connectivities in the NOESY spectrum were used to derive a structural model. 
25 
The stacking pattern of the B-type stem is propagated at the S'-end of the 
stem. The turn in the propagation of the phosphate backbone between the 
residues T5 and G6 is accomplished with a change in the torsion angles β and 
γ. It could be derived from the coupling constants that β and γ adopt a 
gauche and trans conformation, respectively, instead of the γ and (^  
conformation usually occurring in B-DNA. 
As was pointed out before the details of the loop structure will 
depend on the structural optimizations which are allowed within the 
predicted loop folding, and thus depend on the nucleotide sequence. This 
explains for instance the small loop sizes for some B-DNA [81,100] and A-RNA 
[111-IIA] hairpins. A more extended picture of the folding of hairpins 
follows from the studies described in this thesis. 
Outline of this thesis. 
The principle aim of the investigations presented in this thesis is 
acquiring of insight in the structure and thermodynamic properties of DNA 
hairpins. 
The hairpin studies are introduced after a thorough investigation of 
the cyclic dinucleotide d<pApA>, in which the 5'-end of the dinucleotide is 
connected to the S'-end to obtain a cyclic sugar-phosphate backbone (Chapter 
2 and 3). Cyclic dinucleotides are synthetic compounds, which were synthesi­
zed initially with the aim to study loops, i.e., turns in nucleic acids. It 
was discovered in a later stage that one of the dinucleotides, r<pGpG>, is 
the biological activator of the enzyme cellulose synthase in Acetobacter 
xylinum. Moreover, this class of dinucleotides can inhibit the DNA-dependent 
RNA-polymerase at the initiation stage. NMR homo- and hetero coupling 
constants were used for the structural analysis of this molecule. The 
conformation could be derived with atomic resolution. The results were 
compared with that of a parallel X-ray diffraction study. It appeared that 
the results corroborate each other. The cyclic dinucleotide is particularly 
interesting in relation to loop folding, because the phosphate backbone 
makes a complete turn. Fart of the turn in the phosphate backbone appears to 
coincide with that of the hairpins studied in Chapter A and 7. Most 
intriguing is the preference for N-type deoxyribose conformations in this 
molecule. Chapter 3 describes an investigation of the conformation of the 
cyclic dinucleotide, studied in Chapter 2, with multiconformer analysis. By 
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means of molecular mechanics calculations several local energy conformations 
were generated, the conformers were compared and the structural properties 
of the molecule were discussed in detail. 
Chapter 4 describes the analysis of the hairpin formed by d(ATCCTA-
TTTT-TAGGAT) with the aid of NMR spectroscopy. Information from NOEs and J-
coupling constants were used as starting points for model building studies. 
In the presented model the stacking pattern of the bases in the stem is 
propagated at the S'-end of the stem into the loop. The fourth base is 
turned inside to form a wobble T-T pair with the first base in the loop. 
Using multi-conformational analysis the detailed conformation of the sharp 
turn between the third and fourth residue could be derived. 
In Chapter 5 a general loop folding principle is discussed, which gives 
a good explanation for the overall loop structure of the DNA hairpin studied 
in the previous chapter. Moreover, the folding principle explains also the 
difference in structure and loop size of DNA- versus RNA-hairpins. Molecular 
modelling studies, in which the influence of the base-sequence on loop 
folding was examined, presented in this chapter, formed the basis for the 
experiments performed in Chapter 6. It was found that when complementarity 
is introduced in a loop of four nucleotides, an additional base pair is 
sometimes formed. This happens to be the case, e.g., for the loop sequence 
-CTTG- and -TTTA- and not for the sequence -GTTC- or -ATTT- (Chapter 6). 
Introductory 2D-NMR experiments on the hairpin formed by d(ATCCTA-TTTA-
TAGGAT) showed that the base pair between the first loop thymidine and the 
fourth loop adenine is of a Hoogsteen type. 
In Chapter 7 a method is described along which the experimental NOEs 
and coupling constants generate constraints for structure determination by 
means of multi-conformation analysis. This was applied to the hairpin formed 
by d(ATCCTA-TTTA-TAGGAT). A detailed conformation of the hairpin loop was 
obtained at atomic resolution. The structure is discussed in detail with 
respect to the folding principle described in Chapter 4 and 5. 
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CHAPTER 2 
THE SOLUTION STRUCTURE OF THE З'-З* CYCLIC MMUCLEOTIDE d<pApA> 
A COMBINED NMR, UV-MELTING AND MOLECULAR MECHANICS STUDY 
ABSTRACT 
The З'-З' cyclic dinucleotide d<pApA> was studied by means of ^H- and 
13C-NMR experiments. UV-melting experiments and molecular mechanics 
calculations. The ^H- and C-NMR spectra were analyzed by means of 
2-dimensional NMR experiments. J-coupling analysis of the ID- and 2D- H and 
1 3C spectra was used to determine the conformation of the ring systems in 
the molecule. It appeared that at low temperature (283 K) the deoxyribose 
sugars adopt a N-type conformation. The geometry is best described by an 
intermediate between the 2T a nd E forms. In addition we were able to 
derive all other torsion angles in the phosphate backbone ringsystem, i.e., 
о » β
1
", γ , δ (=89°), ε*· and ζ . When the molecule is subjected to an energy 
minimization procedure (using the program AMBER) the sugar ring system 
retains practically speaking the torsion angles found from the NMR experi­
ments, while the torsion angles around the glycosidic bond adopt a value of 
175° in the minimum energy conformation. UV-melting experiments indicate 
that two molecules can form a dimer in which the adenine bases are interca­
lated. The feasibility of this structure is indicated by molecular mechanics 
calculations. At higher temperatures the dimer is converted into separate 
monomers. In the monomer form the sugars exhibit S-pucker during 20 % of the 
time. Concomitantly with the conversion of the N- to the S-conformation the 
torsion angles α and γ change. 
INTRODUCTION 
Circular DNA and RNA molecules play an important role in molecular 
biology. Sometimes such molecules are formed as intermediates as is known 
for instance for cyclic RNA molecules [1,2] and in other cases the circula­
rity is the natural appearance of DNA and RNA, e.g., for plasmids, the DNA 
of some viruses and viroids [3,4]. The smallest conceivable cyclic oligo-DNA 
or RNA molecules are the cyclic dinucleotides in which the nucleotide units 
are connected by З'-З' linkages as is illustrated in Fig. 1. Recent studies 
have indicated that also these small molecules may play an important role in 
cellular reactions. Interesting examples are the compounds r<pUpU> and 
r<pApU>, which are effective inhibitors of the DNA-dependent RNA polymerase 
Blomraers, M.J.J., Haasnoot, С.A.G., Walters, J.A.L.I., van der Marel, G.A., 
van Boom, J.H. & Hilbers, C.W. (1988) Biochemistry 27, 8361-8369. 
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Fig. 1. Structure of the S'-S'-deoxy cyclic dinucleotide d<pApA>. The 
ring system of the dinucleotide is closed by linking the 5'-end of the first 
adenosine to the S'-end of the second. Protons are numbered and the torsion 
angles are characterized by α, β, etc. according the IUPAC lUB convention 
for nucleic acids. 
of Escherichia coli during the initiation phase of transcription [5,6]. A 
rather different activity is exhibited by r<pGpG> for which it was reported 
that it acts as the natural activator of the enzyme cellulose synthase in 
Acetobacter Xylinum [7]. The analogous cyclic deoxyribonucleotide d<pGpG> 
was shown to be active as well during the cellulose synthesis [8]. 
In the present paper the solution structure of d<pApA> is studied by 
means of high-resolution NMR spectroscopy, UV-melting experiments and 
molecular mechanics calculations. The study of the deoxyribose was preferred 
over the ribose compound because the deoxyribose rings are more amenable to 
structural studies; adenine bases were chosen instead of guanine bases 
because the latter may easily form tetramere in solution, which would 
complicate the structural analysis. It was found that at low temperatures 
the deoxyribose rings of d<pApA> adopt a pure N conformation, which is quite 
unusual for the deoxy type of sugar. In addition, at NMR concentrations, 
i.e., at about 5-20 mM concentrations, the d<pApA> molecules form dimers in 
which the adenine bases most likely are intercalated between one another. 
These results and the temperature dependent behavior of this molecule are 
discussed. The presented study was set up and carried out independently from 
a crystal structure determination of the molecule by Frederick et al. at 
Μ.I.T.[9]. It is satisfying to see that both studies lead to closely 
similar results. 
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MATERIALS AND METHODS 
The cyclic dinucleotide d<pApA> was synthesized according to published 
procedures [8]. NMR samples were prepared by dissolving A mg of the sodium 
form of a freeze-dried sample of the title compound in A00 μΐ of D2O , this 
corresponds to a 17 mM d<pApA> concentration. *H, 1 3C and 3 1 P NMR spectra 
were recorded on a Bruker WM500 NMR spectrometer equipped with an ASPECT 
2000 computer. 1-dimensional ^H spectra without J(1H-3I-P) splittings were 
obtained by means of ^ P decoupling. ^Н- ^С hetero correlated spectra were 
recorded on a WM200 Bruker spectrometer equipped with an ASPECT 2000 
computer. 
In addition, an ω^-scaled double quantum filtered COSY spectrum 
(ω^-scaled DQF-COSY) [10] was measured on a Bruker AM-500 spectrometer 
equipped with an ASPECT 3000 computer, using the pulse sequence and phase-
cycling scheme depicted in Fig. 2. For each t^ value 512 free induction 
decays were stored in 2K of computer memory. The t^ values were varied in 
steps of 100 \xs up to a total value of 0.5 s. The scaling factor к was equal 
to 0.5. The carrier was placed in the middle of the spectrum and quadrature 
detection was applied. Sine-bell multiplication was carried out to improve 
the resolution of the multiplet splitting patterns. Zero-filling up to IK in 
t} yields after Fourier transformation a 2D-spectrum with a resolution of 
2.A Hz/pnt in <J>I and 2.A Hz/pnt in o^. 
90° 180 
(х/гн^ 
90u90ü 
Fig. 2. Pulse scheme for acquisition of the phase sensitive ω^-scaled 
DQF-COSY spectrum. The scaling in the tüj-direction is achieved by a τ-π-τ 
pulse during the t^-period to refocus the magnetization of the spins. The 
degree of ÜH -scaling is determined by the factor к which was chosen equal 
to 0.5. Phase cycling applied in this experiment is indicated. In addition, 
this phase-cycling scheme was modulated with the CYCLOPS scheme; thus a 
complete number of 32 phase cycles was applied. 
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The conformational analysis of the molecule was performed on the basis 
of the J-couplings derived from the one-dimensional spectra and the 
ш^-scaled DQF-COSY spectrum. To this end approximate J-couplings were first 
deduced directly from the experimental spectra. Subsequently, ID- and 2D-
spectra were simulated with the mentioned J-couplings as input data. Further 
refinement of these parameters was obtained by adjusting the J-couplings and 
chemical shifts so as to obtain optimal agreement between experimental and 
simulated spectra. For the ID-spectra this was achieved in an interactive 
manner using the program PANIC [Bruker library], for the ω^-scaled DQF-COSY 
spectrum the program COSIM, which was written by M. Blommers, was applied. 
The J-couplings between the sugar ring protons served as an input for the 
computer program PSEUROT [11] by means of which sugar ring conformations 
were calculated. Based on these and other NMR data structures of the 
molecule d<pApA> were build with the aid of the molecular modelling program 
Chem-X [12] in combination with some homewritten routines. These programs 
were executed on a VAX 11/785 computer which was connected to a Sigmex 
graphical terminal. The resulting structures were subjected to energy 
minimizations which were carried out using the program AMBER (version 2.0) 
[13]. The all atom version of the Force Field was used with hydrated 
counterions added to the system. For the minimization of the d<pApA> dimer 
structure MacroModel, version 1.5 [1A] with the united atom Force Field of 
AMBER was used. 
RESULTS AND DISCUSSION 
NMR experiments 
Fig. 3 shows an ω^-scaled DQF-COSY spectrum of the cyclic dinucleotide 
d<pApA> recorded at 298 K, together with the 1-dimensional spectrum of this 
compound measured at the same temperature. In the 1-dimensional spectrum 
each pair of protons of the same type (e.g., each pair of HI' protons) is 
represented by a single set of isolated resonances (except for the HA'/HS' 
resonances which are partly overlapping). As we will show in the section 
'Conformational analysis',at low temperature the sugar ring as well as the 
12-membered sugar-phosphate backbone ring is rigid. Thus, the dinucleotide 
has a two fold axis of symmetry which renders the two halves of the molecule 
magnetically equivalent. It is noted in passing that the apparent symmetry 
was preserved in all spectra recorded at different temperatures, i.e., from 
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J ζΛχ 
6.0 4.0 
Fig. 3. The 500 MHz 1H i^-scaled DQF-COSY spectrum of d<pApA>. The dashed 
line is drawn through the diagonal peaks. Note that the singlet peaks 
arising from the H8 and H2 protons in the 1-dimensional spectrum added on 
top do not give rise to signals in the 2-dimensional spectrum due to the 
double-quantum filter. The solid line with arrows connects via the cross 
peaks the different resonances of the ringsystem. The assignments following 
from this connectivity pattern are indicated in the ID spectrum. An enlarged 
view of the cross peak contained in box D is presented in Fig. 5B. 
281 to 344 K. The spectral assignment indicated in the ID-spectrum was 
obtained from the connectivity pattern which can been drawn for the cross 
peaks in the ωι-scaled DQF-COSY spectrum in the standard manner (see Fig. 
3). Discrimination between the H2' and H2" signals and between the H51 and 
H5" resonances was achieved on the basis of the following reasoning. The 
J-coupling of one of the C21 sugar protons (resonance position 3.1 ppm) with 
the CI' proton is small, i.e., 1.5 Hz. This means that this can only be the 
Лщід2' coupling [15] and consequently the multiplet at 3.1 ppm is assigned 
to the Ю.' spins. Using the reasoning of Remin and Shugar [16] it can be 
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concluded that the HS' signal resonates downfield from the H5" signal. The 
small values of the coupling constants Лцд'нз' а п ^ ^HA'HS" i ndi c a t e that γ 
is in a gauche conformation. In that case, H5' and H5" experience a 
different shielding; the H5" is in the vicinity of the 3'-phosphate and 
therefore shifts upfield relative to HS'. The magnitudes of these couplings 
is in agreement with this assignment, because due to the 04'-05' repulsion, 
the torsion angle between H5" and H41 is somewhat smaller than 60°, so that 
•^HVHS" ^ S somewhat larger than ^НА'НЗ1· ^ 1 6 J"couplings were deduced by 
comparison of the experimental and simulated spectra as described in the 
section Materials and Methods. For the ω^-dimensional Η spectra this was 
done with and without the presence of Ml- Ρ J-couplings. The results are 
depicted in Fig. 4; examination of the spectra shows that excellent 
agreement between experimental and simulated spectra is obtained. The 
VL JJ 
Π Í 
ι , l 
I'll _A 
Í 
^' 'Aj jiw w'w u U 
.1 Si 
-y^tJl^ ^ 
Π 
JUUUUJj'n 
w ,^ 
Ц 
АУ^Жиші 
ih *} 'i ì 
К 
uu 
! i \ н l'I " f 
in ppm 
Fig. Д. Experimental and simulated multiplets of the sugar protons of 
d<pApA> at 298 К (17 mM). The ^-spectrum (A) as well as the 31P-decoupled 
H-spectrum (B) are shown. The experimental spectra were resolution enhanced 
with Gaussian multiplication before Fourier transformation. 
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(^-scaled DQF-COSY spectrum, which was recorded with the Л 1!!- 3 1?) splitting 
preserved, was simulated with the couplings included. As an example the 
experimentally observed and simulated cross peaks between the resonances of 
H21 and НЗ' are shown in Fig. 5. These cross peaks contain all J-couplings 
of the sugar ring spin system. 
- t 
» • 
* * Ï 
' " • * , 
t > 
τ TT •"J"' 
• тг .у f ^ · 
τ «г яг * v J " 
©ι«; 
.-... о Цха 
& 1 0. ·'. 
А 
І# #' 
€;^ ^М 
в 
Fig. 5. Extended view of the measured (B) and simulated (A) cross peaks 
between the H21 and НЗ' resonances in the ω^-scaled DQF-COSY spectrum. The 
interpretation of the splitting pattern is indicated on top and left of the 
simulated cross peak. The cross peak is split by the active J-coupling, 
J2'3<, in positive and negative absorption peaks. All other splittings do 
not change the sign of the absorption lines as is indicated by the filled 
and open arrows. Because of the opposite signs of the absorptions, some of 
the signals almost cancel as is clear in the center of the experimental 
cross peak (B). In the simulated spectrum the negative peaks are dotted; 
although not indicated, it is noted that the signs of the experimental peaks 
agree with the simulation. The cross peak in (A) was simulated with a 
Lorentzian line shape in both directions, LB " 2.0 Hz, Hz/pnt = 2.4. The 
following J-couplings used were: ^ ' 3 ' = ^.2, ^ 1 2 " = "13.8, ^2 ,1 | = !·->· 
J312" = 9.1, Лзід' = 7.7 and Jßip = 6.6. 
The J-couplings appeared to be temperature as well as concentration 
dependent. Therefore the coupling constants were measured at different 
temperatures and at a low concentration of the title compound (i.e., the 
concentration was reduced 20-fold with respect to the 17 mM used in the 
experiments discussed above). The results are summarized in Table I, where 
the values of the J-coupling constants are given for the different conditi-
ons. It is interesting to note that the coupling constants observed for the 
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Table I. J-couplings determined for d<pApA> (concentration 17 mM) at 
different temperatures by means of simulation of the multiplet splitting 
patterns of the 1H-spectra. a) indicates the 31P-decoupled spectrum; b 
indicates the low concentration sample (0.8 mM). 
J - c o u p l i n g 
2 8 1 . 0 2 9 5 . 5 
T(K) 
2 9 5 . 5 a 3 0 8 . 5 a 3 2 6 . 5 2 9 8 . 0 b 
¿ΙΊ* 
J i ^ " 
J2'2" 
J2131 
J2»3i 
•^З'Д' 
J
v? 
J A ' 5 ' 
J415M 
•Vp 
J 5 . 5 n 
J51P 
J 5 " P 
0.7 
7 .1 
- 1 3 . 5 
7 .5 
9 . 5 
7.7 
5 .8 
2 . 2 
1.5 
3 . 2 
- 1 2 . 1 
0 . 4 
5 . 8 
1.5 
7.0 
- 1 3 . 8 
7 . 2 
9 . 1 
7.7 
6 . 3 
2 . 5 
1.6 
2 . 8 
- 1 2 . 0 
0 .7 
5 .4 
1.7 
7 .1 
- 1 3 . 7 
7 . 2 
9 . 0 
7.7 
2 . 3 
1.8 
— 
- 1 2 . 1 
— 
— 
2 . 5 
7.1 
- 1 3 . 7 
7 . 2 
8 . 5 
7 . 3 
3 . 0 
1.9 
- 1 1 . 8 
3 .4 
7 .2 
- 1 4 . 0 
7 . 3 
7 .6 
6.8 
7 . 2 
3 .8 
2 . 2 
2 . 2 
- 1 1 . 7 
2.7 
4 . 9 
3 . 0 
7 . 3 
- 1 4 . 1 
7 . 3 
8 . 0 
7 .0 
7.0 
3 . 9 
2 . 0 
2 . 2 
- 1 1 . 7 
2 . 9 
4 . 9 
low concentration sample and those obtained at the highest temperature for 
the high concentration sample are virtually the same. 
The l-^ C spectra were assigned by means of hetero correlated spectrosco­
py (not shown). Using the proton decoupled ^ C spectra, the 3lp-13c 
couplings were derived in the same manner as described for the ^H spectra; 
the results are collected in Table II. 
Table II. ІЗс-ЗІр coupling constants determined for d<pApA> from ^C-spec-
tra. 
J-coupling Τ (К) 
305 321 334 347 
J C 2 t p 3 i 
J C 3 i p 3 i 
J C 4 . p 3 i 
J C 4 i p 5 i 
J C 5 l p 5 . 
< 1 . 0 
4 . 9 
10.9 
1 0 . 9 
4 . 6 
< 1 . 0 
5 . 2 
1 0 . 3 
1 0 . 3 
5 .1 
< 1 . 0 
5 . 3 
9 . 9 
9 . 9 
5 . 2 
< 1 . 0 
5 . 3 
9 . 9 
9 . 9 
5 . 2 
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UV-melting eiperieents 
The concentration dependence of the J-couplings at 298 К suggests that 
intermolecular interactions between cyclic d<pApA> molecules may play a role 
at concentrations needed for NMR experiments. The most likely interaction 
that comes to mind is a stacking of the adenine bases. Measurement of the 
chemical shifts of the various proton resonances as a function of temperatu­
re does not yield unambiguous evidence for the occurrence of stacking-
destacking processes and therefore UV-melting experiments were conducted. 
The results are collected in Fig. 6. Indeed, appreciable hyperchromicity 
effects are observed when the temperature of the d<pApA> sample is raised as 
expected for destacking processes. At a concentration of 17 mM, correspon­
ding to the concentration used in the NMR experiments, a melting curve is 
obtained, characterized by a melting temperature of 270C. The most straight­
forward explanation for this observation is the presence of a monomer-dimer 
equilibrium. Indeed, on the basis of a two state equilibrium the melting 
profile can be simulated by fitting a melting curve to the data points using 
a least square refinement procedure. On this basis a transition enthalpy of 
21 kcal/mol for the melting process is estimated. At fourth-fold and 
sixteen-fold lower concentrations, temperature increase leads to absorption 
и> ' эо τ rei so 
Fig. 6. UV-melting profiles of d<pApA> recorded at three different 
concentrations. Along the y-axis the relative absorbance at 260 nm is 
indicated. Curve A corresponds to 17 mM d<pApA>, curve В to 4 mM and curve С 
to 1 mM. NaCl up to 200 mM was added to the samples. The melting temperatu­
res are 27°, 15° and TCtrespectively. 
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profiles which are shifted to lower temperatures as expected for a mono-
mer-dimer equilibrium. From these experiments we therefore conclude that 
dimers are formed at NMR concentrations (17 mM) at 281 К (8° С) (see Fig. 
6). By raising the temperature and/or diluting the sample the equilibrium is 
shifted in favor of increased monomer concentrations. 
Conformational analysis 
Deozyrlbose conformation 
The deoxyribose conformation was deduced from a pseudorotational 
analysis of the sugar ring on the basis of the available coupling constants 
(see Table I) [17,18], using the program PSEUROT [11]. The analyses indicate 
that at the lowest temperature, i.e., 281 K, and d<pApA> concentrations of 
17 mM, the sugar ring adopts a pure (100 %) N-type conformation characteri­
zed by the pseudorotational parameters Ρ » -6.6 and ф
т
 =34.9, where Ρ is 
the phase angle of pseudorotation and ф
т
 is the amplitude of the pucker. The 
sugar pucker is best described as an intermediate between the envelope form 
Сг'-ехо, ^Е, and the twist form -^T· At higher temperatures a mixed 
population of N and S sugar conformations builds up (see Table III), 
although at 326.5 К the N-conformer is still present during 78 % of the 
time while at this temperature d<pApA> is virtually in the monomeric form 
(see Fig 6). 
Table III. Pseudorotational parameters, i.e the pseudorotational phase 
angle, P, and the pucker amplitude, ф
т
, for the sugar rings obtained at 
different temperatures. The fraction of the N-conformers x(N) is presented 
as well, a) indicates the twenty times diluted sample (0.8 mM). 
T(K) 
281.0 
295.5 
308.5 
326.5 
298.0 a 
P(N) 
-6.6 
-5.7 
-1.9 
0.9 
0.9 
*m(N> 
34.9 
35.9 
35.6 
34.1 
34.1 
P(S) 
_ 
130.0 
130.0 
127.9 
130.7 
Ф»<8) 
_ 
38.0 
38.0 
38.7 
37.7 
x(N) 
1.00 
0.96 
0.87 
0.78 
0.83 
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As has been mentioned already the J-couplings do not only depend on 
temperature but on the d<pApA> concentration as well. Therefore, also a 
J-coupling analysis was carried out at the low concentration (for a 
twenty-fold diluted sample, vide supra). It was found that at 298 К when 
d<pApA> is predominantly in the monomeric form, 83% of the sugar rings are 
N-conformers with P(N) = 0.9 and ф
т
 = 34.1. The S-type conformer is 
characterized by the pseudorotational parameters Ρ = 130.7 and ф
т
 = 37.7 
(Table III). From these results it can be concluded that the d<pApA> monomer 
has a tendency to form S-type sugar puckers. Comparing the population of 
N-sugars of the monomers at 298 К (83 % Ν) and at 326.5 К (78 % Ν) indicate 
that the N-S equilibrium is not very temperature sensitive. 
Conformation around CA'-CS* 
The torsion angle γ (СЗ'-C4'-C5'-05') is known to occur in three 
staggered conformations namely gauche , trans and gauche". The percentage of 
the population present in the gauche conformer can be estimated with the 
help of the empirical formula [17]: 
χ + = (13.75 - Σ) / 10.05 (1) 
where Σ = JHA'HS' + JRVHS"· I t follows from Table I that at 281 Κ Σ =3.7 
Hz, so that the gauche-1" population x„
+
 = 100 %. Thus we may assume that at 
this temperature the torsion angle γ is purely gauche"1". If this situation 
obtains it follows from Eq. 3 (see below) that γ is close to 53° [19]. 
Further examination shows that at elevated temperature (326.5 K) x_
+
 = 78 %. 
We therefore conclude that the reduction of the gauche population occurs 
concomitantly with and to the same extent as the reduction of the N-confor­
mer of the sugar ring. This conclusion is corroborated by the results 
obtained at low concentration, i.e., 0.85 mM d<pApA>: for the monomer Xg
+
 = 
78 %, while we found that at these conditions the population of the 
N-conformer is 83 % (vide supra). The population around γ can also be 
estimated from the J-couplings in terms of the three classical rotamers: 
J4,
c l = χ +J
1
 + + x,. J' + χ -J' -5 g^ S t t g g 
JA,е.. = χ +J" + + χ. J" + χ -J" - ( 2 ) 
4 1 5 " g g t t g g 
The J-couplings of the individual rotamers were calculated using the 
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generalized Karplus equation [20]: 
-MjjU = 13.22 cos'' φ - 0.99 cos φ + 
Σ( 0.87 - 2.46 cos2 ( ξίφ + 19.9 | ^ | ) ) ах± (3) 
where φ represents the proton-proton torsion angle and Δχ^φ is the differen­
ce in electronegativity between the substituents of the H-C-C-H fragment and 
hydrogen, ξ^ is +1 or -1 depending on the orientation of the substituent 
[20]. Calculation of the population of the three rotamers at 326.5 К yielded 
the following distribution: 77 % gauche , 3 % trans and 20 % gauche". 
Practically speaking the population of the trans conformer is negligible. 
The result for the gauche population is in good agreement with that 
obtained from Eq. 1. Moreover, we are able to discriminate between a trans 
and the gauche" rotamer because the 5' and 5" proton resonances could be 
assigned individually. It is noted that it follows from both analyses that 
the gauche" population of γ and the population of the S-conformation of the 
sugar ring have about the same value at elevated temperatures. 
Conformation around CS'-05' 
An estimation of the torsion angle β (W -CS' -05' -Ρ) can be obtained 
from the coupling constants JHS'P' ^H5"P a n^ ^CA'P·^6 u s e d the Karρlus 
equations, parametrized for these couplings by Lankhorst et al. [21]: 
JCC0P = 6 · 9 c o s 2 * " З· 4 c o s * + 0 · 7 (4a) 
JHC0P = 1 5 · 3 c o s 2 * " б · 1 c o s * + 1 · 6 (4b) 
to derive the torsional angle β. The >Ісд'р coupling constant amounts to 
10.9 Hz (see Table II); this corresponds with the largest value observed for 
a
 1 3C- J 1P vicinal coupling [21] and leads to the conclusion that β adopts a 
trans conformation (Eq. 4a). An independent estimation of the percentage of 
the β^ conformer can be obtained with the following equation [21]: 
x t = (25.5 - J H 5.p - JH5..p) / 20.5 (5) 
which yields β = 94 %. Since the very small JHS'P coupling constant 
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(approx, 0.Д Hz) is not determined very accurately because of the inevitable 
linebroadening at lower temperatures, we estimate that the inaccuracies in 
^HS'P т а У amount to 0.2 to 0.3 Hz. Therefore the result obtained from Eq. 5 
may well indicate that Ρ adopts a 100 % trans conformation. It is noted 
that the relative large value of the long range constant JjiA'P a^so 
indicates that Ρ is fixed in a pure trans conformation. For the classical 
180° trans conformation one expects Jj^'p a n ^ ^H5"P t 0 ^ e eQ u al· However, in 
our case the differences between the coupling constants, JHS'P a n ^ JH5"P 
amounts 5.4 Hz. This suggests that the magnitude of Ρ is higher than the 
ideal staggered (180°) value [17]. Despite the inaccuracy of the value for 
^HS'P w e c a r l safely conclude that it is incompatible with Eq. 4b. This 
finding throws some doubts on the overall validity of these Karplus 
equations. For the time being, we solved this problem by optimizing the 
value of the torsion angle Ρ in such a way that the square of the differen­
ces between the measured coupling constants and the couplings calculated 
from the Karplus equations (Eqs. 4a and b) was minimal. At 281 K, this 
yields a value for Ρ of 196°. At higher temperatures the values of the 
coupling constants change somewhat. However, it can be concluded that the P t 
form remains the predominant conformer. 
Conformation around СЗ'-ОЗ' 
The torsion angle e (P-031-C31-C41) is monitored by three J- couplings, 
namely, ^нЗ'Р* ^C2'7 an<* ^04'?· ^ 1 6 ^CWP coupling amounts to 10.9 Hz, 
which in analogy with the torsion angle Ρ shows that e also adopts a trans 
conformation [21]. Combination of this information with the result at 281 K, 
i.e., Jjn'p = 5.8 Hz, and the Karplus Eqs. 4a and b yields ε = 200°. 
Lankhorst et al. [21] have noted that the JQA'PS' shows an approximate 
linear behavior as a function of the percentage of N-conformer of the sugar 
ring. When the J-coupling approaches a value of 11 Hz the population of the 
sugar ring approaches a 100 % N conformation. This is also reflected in the 
behavior of the present molecule. At higher temperatures the -1^ 4'Ρ c o uPli nS 
decreases. This is consistent with an increase of the torsion angle ε. At 
higher temperature the population of the S-sugar and the γ" rotamer amounts 
20 %. This change in conformation requires an adaption of ε to an increased 
value by the same amount. The corresponding value of ε is estimated to be 
230°; i.e., from the J-couplings at 326.5 К it can be calculated that 80 % 
ε(200ο) is in equilibrium with 20 % ε(230°). 
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Model building and molecular mechanics 
Given the torsion angles determined from the NMR experiments and the 
bond angles, available from the literature, it is possible to build a model 
for the cyclic part of the d<pApA> molecule indicated in Fig. 1. It is 
noticed that the torsion angles α and ζ cannot be determined from a 
J-coupling analysis. It can be shown in a general way however that for the 
present ring system which its twofold axis of synmetry sufficient con­
straints are available to derive α and ζ unambiguously. In practice the 
calculation was performed with the aid of the goniometrie formula [22]: 
"n = V l * xn-l c o s θη-2 - Уп-1 s i n θη-2 c o s "п-З + 
z
n-l s i n θη-2 s i n Чі-З (6> 
Уп = ^ -l s i n θη-2 - Уп-1 c o s θη-2 c o s '"п-З + zn-l c o s θη-2 s i n "п-З 
z
n = Уп-1 s i n "п-З + zn-l c o s "п-З 
In Eq. 6, XJJ, y
n
 and z
n
 are the cartesian coordinates of the atoms of the 
12-membered ring, d^  represent the bond distances, ^ the bond angles and ω^ 
the torsion angles, the subscripts refer to the subsequent atoms η to n-3 of 
the ring backbone. We incorporated these equations into a computer program 
and varied the torsion angles α and ζ systematically , while keeping all 
other torsion angles in the ring constant at the value determined by the 
90 180 270 X 
Fig. 7. Energy of d<pApA> as a function of the glycosidic torsion angle 
x(0V-cr-N9-C4). The torsion angles of structure A in Table IV were used as 
input for the energy minimization. 
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J-coupling analysis. In Fig. 8 a contour plot is presented of distances 
between the n*-*1 and n t' 1 + 1^ atom for all values of α and ζ. Perfect ring 
closure obtains when the distance between the n t h and the n*-" atom is 
zero. This approach yields a unique solution for α and ζ, i.e., α as well as 
ζ were found to have a gauche conformation at 281 K. (c.f. Table IV, 
structure A). 
To derive a structure for the complete molecule the value of the 
torsion angles xCOA'-CI'-N9-C4) has yet to be established. This problem was 
approached with the aid of molecular mechanics calculations. Starting with 
the structure of the cyclic part of d<pApA> described above, molecular 
energy minimizations were performed for different (constrained) values of 
the angle χ, using the program AMBER (see Materials and Methods). The energy 
distribution obtained as a function of χ is presented in Fig. 7. In the plot 
two energy minima can be discerned corresponding with χ = 175° and χ = 310°. 
The values of the torsion angles of the sugar and sugar-phosphate backbone 
270 α 360 
Fig. 8. Contour plot of the distance between the п ^ and n*-*1"1"^  atom in 
the sugar-phosphate 12-ring in Â, as a function of the torsion angles α and 
ζ. In this plot the contour levels of the distance between the τι^1 and 
n
th+l
 a t o m v a r y from 1 to 9 Â; the plotted contour lines are spaced by 2 Â. 
Unique ring closure occurs when the distance between the n"1 and n*-*1"*"^· atom 
is 0 Â, i.e., for the values α = 56° and ζ = 74° indicated by the open dot. 
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obtained for these structures are virtually the same as those deduced from 
the NMR experiments (Table IVA). The other structures show some variation in 
the backbone and/or the sugar conformation. The structure of the molecule 
with χ = 175° is presented in Fig. 9; the bases are orientated in an 
antiparallel fashion to maintain the twofold axis of symmetry of the 
molecule, the distance between them is approximately 7 Â. This distance is 
ideally suited to accommodate an intercalating base and this directly 
suggests the possible presence of a dimer structure of the type sketched in 
Fig. 10A, to explain the occurrence of the stacking-destacking processes in 
the dynamic monomer-dimer equilibrium deduced from the UV-melting experi-
ments. Indeed, after energy minimization the structure presented in Figs. 
10B and С is retained. The displayed dimer is stabilized by three stacking 
interactions which may explain the high value of the melting enthalpy 
obtained for the dimer-monomer transition observed in the UV-melting 
experiment. The energy difference (calculated with the aid of MacroModel 
using a united atom force field) between two monomer minimum structures and 
the dimer is 2A kcal; this is in excellent agreement with the experimental 
melting enthalpy, although with the assumptions made (united atom force 
field, molecules in vacuum) this result is probably fortuitous. As is 
indicated in Fig. 10D, in the model each adenine amino group forms two 
intermolecular hydrogen bonds, one with the free oxygens of the phosphate 
and one with the oxygen 05' of the partner molecule. Such hydrogen bonds 
probably hinder the rotation of the amino group, which may form an explana­
tion for the broadening observed for the aminoproton resonances at lower 
temperatures (not shown). We note that the observation of structures in 
which the bases are intercalated between one another are not unprecedented. 
In the three dimensional structure of tRNA this structural motif appears 
several times. These intercalation interactions are believed to enhance the 
stability of for instance the corner of the tRNA molecule and in this 
particular case to maintain the interaction between the T-loop and the 
D-loop. The results obtained in the present paper indicate that the cyclic 
dinucleotide d<pApA> and analogues thereof may serve as model system to 
obtain thermodynamic parameters which characterize the energetics of such 
intercalation interactions which will undoubtedly be of importance in 
tertiary structure elements of molecules (e.g., 5S-RNA and other ribosomal 
RNA's) other than tRNA. 
48 
Table IV. Torsion angles of the structures of d<pApA> which are discussed in 
the text and shown in Figs. 9, 10 and 11. The torsion angles are defined in 
Fig. 1. A is the monomer with both sugars in the N conformation, В is the 
dimer form, С is the monomer with both sugars in the S conformation, D is 
the monomer with one sugar with a N conformation and one sugar with a S 
conformation. The torsion angles are indicated in degrees or in the notation 
for the classical conformers: g~ is gauche", g is gauche and t is trans. 
For the latter situation the torsional angles adopt the idealized classical 
values. 
A 
В 
С 
D 
J-couplings analysis 
Molecular mechanics 
J-couplings analysis 
Molecular mechanics 
J-couplings analysis 
Molecular mechanics 
J-couplings analysis 
11 II 
Molecular mechanics 
t 1 II 
N-
S-
N-
S-
-part 
-part 
-part 
-part 
α 
56 
68 
59 
69 
t 
179 
B + 
t 
60 
177 
ß 
196 
191 
196 
188 
t 
169 
t 
t 
176 
167 
Ύ 
60 
57 
60 
57 
g~ 
286 
B
+ 
8 
51 
297 
6 
89 
87 
92 
92 
132 
142 
89 
132 
92 
127 
ε 
200 
200 
200 
202 
230 
262 
230 
230 
249 
218 
ζ 
74 
68 
69 
64 
g
+ 
43 
в! 
8 + 
61 
67 
X 
_ 
175 
-
189 
-
147 
-
-
191 
214 
Ρ 
-1 
13 
-7 
-7 
130 
147 
1 
130 
2 
131 
Фт 
34 
41 
35 
34 
38 
43 
34 
38 
36 
42 
^-c 
Fig. 9. Ball and stick model of d<pApA>, built according the data in 
Table IVA, view from two different orientations. A) View which emphasizes 
the antiparallel orientation of the adenines. B) View, perpendicular to the 
orientation in (A), in which the form of the cyclic part of the molecule is 
clearly visible. 
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Fig. 10. A) Ball and stick model built for the possible dimer form of 
d<pApA> in which the adenine bases are intercalated. B) Dimer structure 
obtained after energy minimizing of the complex in (A) with aid of the 
program MacroModel. In the calculation a united atom Force Field was used 
and as a result the non-exchangeable protons are no longer incorporated in 
the model. In this model the distances between the adenine planes amount to 
3.5 Â. C) Perpendicular view of the structure in (B). D) View of the complex 
in (B) along the twofold symmetry axis running perpendicular to the planes 
of the central bases. The terminal adenines have been omitted from the 
drawing. The overlap of the central bases is demonstrated. Moreover, the 
hydrogen bonding of the amino groups to the phosphate oxygens of the partner 
molecule (which follows from the MM calculations) is indicated. 
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It was concluded from the conformational analysis presented in the 
preceding section that the cyclic dinucleotide is (more or less) conformati-
onally pure at 281 K, while at elevated temperature it is not. This can be 
understood by considering the proposed monomer-dimer equilibrium. In the 
dimer form the cyclic dinucleotide is locked in a particular conformation. 
The monomer, however, can adopt more than one conformation; the most 
abundant monomer form (78%) appears to be virtually the same as that adopted 
by d<pApA> in the dimer molecule (Fig. 9). In the second monomer form (the 
remaining 22 %) the sugars adopt a S-puckered conformation. However, from 
the NMR data we cannot be sure whether in this monomer form both sugars are 
S-puckered or one has a S- and the other a N-conformation in this monomer 
form. Therefore both the symmetric and the asymmetric conformation were 
Fig. 11. Energy minimized structures obtained for d<pApA> when one sugar 
has a S-conformation and the other a N-conformation or both have an 
S-conformation. A) The asymmetric structure; the sugar in the right part of 
the molecule is N-puckered. The data listed for structure В and С in Table 
IV were used as input for the calculations. The results of the energy 
minimizations are also collected in Table IV. B) View of the asymmetric 
molecule perpendicular to that exhibited in (A). C) The symmetric structure 
with both sugars in a S-conformation. Compared to Fig. 9B. the adenine 
bases have now moved outward. D) View of the symmetric molecule perpendicu­
lar to that in (C). 
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subjected to an energy minimization procedure. To this end a syiranetric 
structure was built with both sugars in the S-conformation and backbone 
torsion angles represented by structure С in Table IV to conform to the 
concomitant changes observed in the sugar and backbone conformations (vide 
supra) when going from a N- to a S- puckered sugar. In addition, an 
asymmetric structure was built with one side of the cyclic backbone 
characterized by the torsion angles β*-, γ", ε1-, and a S-sugar conformation 
and the other side by β*-, γ , ε1-, and a N-sugar conformation (structure D in 
Table IV). The angles α and ζ were calculated according to the procedure 
outlined above. The structures resulting from the energy minimization 
(AMBER) are displayed in Fig. 11. The calculated energy of the mixed N/S 
structure was intermediate between the energy of the NN form and the energy 
of the SS form. We conclude from these calculations that the mixed form will 
be favored over the SS form. It is interesting that in these structures the 
bases connected to a S-type sugar are orientated in such a way that the 
molecule exhibits a more open form. Thus the changes in sugar pucker have 
consequences for the conformation of the total molecule. The torsion angles 
are given in Table IV. The NMR spectra show that a rapid conversion between 
the different conformations is possible, so that they are most likely not 
separated by high energy barriers. 
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CHAPTER 3 
AN INVESTIGATION OF THE STRUCTURE OF THE 3'-5'-CYCLIC DINUCLEOTIDE d<pApA> 
BY MEANS OF MULTICONFOKMER ANALYSIS 
A MOLECULAR MECHANICS STUDY 
ABSTRACT 
The conformational properties of the cyclic dinucleotide d<pApA> were 
studied by means of molecular mechanics calculations in which a multi-
conformational analysis was combined with minimum energy calculations. In 
this approach models of possible conformers are built by varying the torsion 
angles of the molecule systematically. These models are then subjected to 
energy minimization; in the present investigation use was made of the AMBER 
Force field. It followed that the lowest energy conformer has a pseudo-two­
fold axis of symmetry. In this conformer the deoxyribose sugars adopt a N-
type conformation. The conformation of the sugar-phosphate backbone is 
determined by the following torsion angles: α , β , γ , 6 t and ζ . The 
conformation of this ringsystem corresponds to the structure derived earlier 
by means of NMR spectroscopy and X-ray diffraction. The observation of a 
preference for N-type sugar conformations in this molecule can be explained 
by the steric hindrance induced between opposite НЗ' atoms when one sugar is 
switched from a N- to S-type puckers. The sugars can in principle switch 
from N- to S-type conformations, but this requires at least the transition 
of γ to γ~. In this process the molecule obtains an extended shape in which 
the bases switch from a pseudo-axial to a pseudo-equatorial position. The 
calculations demonstrate that, apart from the results obtained for the 
lowest energy conformation, the 180° change in the propagation direction of 
the phosphate backbone can be achieved by several different combinations of 
the backbone torsion angles. It appeared that in the low energy conformers 
five higher order correlations are found. The combination of torsion angles 
which are involved in changes in the propagation direction of the sugar-
phosphate backbone in DNA-hairpin loops and in tRNA, are found in the 
dataset obtained for cyclic d<pApA>. It turned out that, in the available 
examples, 180° changes in the backbone direction are localized between two 
adjacent nucleotides. 
INTRODUCTION 
In recent years detailed studies of nucleic acid structures have been 
carried out [1]. These investigations have triggered questions about the 
relationships between base sequence and structure and have given rise to a 
very lively field of research [2]. We have been interested in the folding 
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properties of nucleic acids, particularly those of hairpin molecules. 
Extensive NMR and optical melting studies of folding occurring in synthetic 
DNA hairpins with four nucleotides in the loop region have shown that the 
nucleotide sequence and base composition have a marked influence on the 
loop structure and the hairpin stability. Nevertheless a rather simple model 
can be used to describe the results [3]. 
Fig. 1. Structure of the cyclic dinucleotide d<pApA>. The torsion angles 
of nucleotide 1 and 2 are defined as indicated, according to the IUPAC 
convention (cf. legend to Table I). 
Here we present the results of a study of the dinucleotide d<pApA> in 
which the 3' and 5' ends of the individual nucleotides are connected to form 
a circular molecule (Fig. 1). In this molecule the sugar phosphate backbone 
changes direction by 180° within just a single base step. It is interesting 
to see by what special structural features this can be accomplished and how 
these features are related to folding in hairpin loops and to the structure 
of more 'regular' DNA. The structure of cyclic d<pApA> has been studied 
before, in independent and parallel investigations, by means of NMR 
spectroscopy [4] (described in Chapter 2) and X-ray diffraction [5]. In the 
present chapter we seek to extend the insights, gained in the previous 
investigations, by studying the molecular structure obtained by minimum 
energy calculations. In addition, we attempt to correlate these results with 
those obtained for DNA hairpins in Chapters 4 and 7. 
In general, the conformational space of molecules encompasses many 
local minimum energy structures. Information about the conformations 
corresponding with the local energy minima including the global energy 
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minimum is essential to obtain insight in the structural features of cyclic 
d<pApA>. To ensure that these minima are found, proper sampling of the 
conformational hyperspace is a prerequisite. A powerful method to achieve 
this goal is the so-called multiconformer analysis [6]. In this approach 
the internal coordinates of the molecule under investigation are varied 
systematically to generate a set of different conformations which serve as 
starting structures for energy minimization. Alterations of the internal 
coordinates may be restricted to the variation of the torsion angles. The 
different conformations generated in this manner are subjected to energy 
minimization to yield local minimum energy conformers which represent a 
mirror image of the conformational hyperspace provided proper sampling has 
been conducted during the multiconformation generation step. 
The results obtained in this manner show that it is possible to achieve 
ring closure by more than one combination of the backbone torsion angles. In 
most of the low energy conformers the deoxyribose sugars adopt a N-type 
conformation as was found in the earlier NMR and X-ray investigations [4,5]. 
Comparison of the structures of different conformers shows that S-type 
conformations can be adopted by the sugars but this requires at least a 
gauche to gauche" conversion of the torsion angle γ in order to remove the 
severe steric hindrance between the НЗ' atoms which occurs upon the 
transition of N-type to S-type sugars when leaving everything else unchan­
ged. These observations neatly explain the concomitant changes of N-puckered 
sugars and γ -conformation to S-puckered sugars and γ'-conformations in the 
NMR experiments. 
METHODS AND RESULTS 
The exploration of the conformational space and the investigation of 
the minimum energy conformations of the title compound were performed as 
follows. First, structures were prepared of which the internal coordinates 
were used as input data for a multiconformer generation. The structures 
obtained in the latter procedure were then subjected to energy minimization, 
using a 'united atom' approach, to find the minimum energy conformations. 
Subsequently, these minimum energy structures were further studied by an 
'all atom' energy minimization. The approach is outlined in more detail in 
Fig. 2 and the results will be discussed according to the scheme in that 
figure. 
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Model building 
The structure of the cyclic dinucleotide d<pApA> is drawn in Fig. 1. 
Apart from the bases, the molecule consists of three ring systems, i.e., one 
twelve-membered sugar-phosphate ring in which two five-membered deoxyribose 
rings are incorporated. 
In the first stage of the analysis (see Fig. 2) three models were 
generated, which serve as starting structures in the multiconformer genera­
tion (vide infra). In the first model both sugar moieties were constrained 
in a N-type conformation, in the second they were both fixed in a S-type 
conformation and in the third model one was constrained in a N-type and the 
other in a S-type conformation. This approach allows an efficient scanning 
of the conformational space of our molecule. Before the multiconformer 
analysis was started, these models were subjected to block diagonal Newton-
Raphson and full matrix Newton-Raphson energy minimization, using the 
MacroModel implementation of the united atom of Force Field AMBER [7,8] to 
remove possible bad contacts between the atoms. The results of these 
calculations are summarized in Table I where the torsion angles which 
characterize the different starting structures are listed. It is noted that 
after this procedure the combinations of NN, SS and NS sugars are retained 
in the individual molecules. 
Table I. Torsion angles of the three energy minimized structures of 
d<pApA>, designated NN, NS and SS (see text), which served as starting 
structures for the multiconformer analysis. The angles are defined according 
to the IUPAC convention, i.e., α = (03'-P-OS'-CS'), β = (P-OS1-CS'-CA'), γ = 
(OS'-CS'-CV-CS·), 6 = (СЗ'-СА'-СЗ'-ОЗ1), e = (CA'-СЗ'-03'-Ρ), ζ = (СЗ'-
03'-P-OS'), χ = (OA'-Cl'-NQ-CA). The values of the angles in the upper row 
of a conformer, e.g., the NN-conformer, represent one half of the molecule 
α1· Pi» γ1 e t c·» the second row the other half 02» $2> ^2* e t c · (cf· fig. 1) 
α β γ 6 ε ζ χ 
163 
73 
72 
5Α 
69 
50 
196 
186 
183 
65 
185 
62 
51 
181 
61 
181 
Α7 
176 
83 
92 
89 
158 
IAO 
158 
198 
263 
287 
263 
293 
269 
ЗАЗ 
АО 
290 
АО 
286 
56 
219 
191 
10А 
191 
137 
20А 
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Fig. 2. Flow chart inñicating the pathways to the low energy conformers. 
It is noted that the conformers which originate from, e.g., NS starting 
structures, do not necessarily preserve these sugar conformations. The first 
stages, which involve the generation of the roughly minimized conformations, 
were carried out with the aid of MacroModel. The final 'all-atom' refinement 
was done with the AMBER program (see text). 
Multiconfonner generation 
With the three resulting structures the multiconformer generation was 
started; this was performed with the MULTIC option of MacroModel (stage 2 in 
Fig. 2) [7,8]. In the procedure one bond of the cyclic phosphate-sugar 
backbone, i.e., the 05'-P bond, a^, is broken temporarily to obtain a 
pseudo-acyclic molecule (see Fig. 1). During the multiconformer generation 
this broken bond serves as a closure bond constraint. In this procedure the 
different conformers are obtained by systematic variation of seven torsion 
angles in the pseudo-ring, i.e., γ^, Е^, ζ^, 02» $2' ^2' ε2· * η s t e P s 0^ 
60°, and the glycosidic torsion angles χ in steps of 180°, using as starting 
values the torsion angles of the three, aforementioned, energy minimized 
structures (see Table I). The torsion angles 6^ and 62 were not changed; 
they are part of the deoxyribose ring of which the conformation was kept 
constant during the multiconformer generation step. The three dihedral 
angles ζ,2> α1 а п ^ ßl> comprising the closure dependent torsion angles were 
also not varied, but were not kept fixed either. This means that in the 
different conformers they may adopt any value necessary to achieve ring 
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closure. All torsion angle rotations which result in structures in which the 
closure bond is outside the range of 0.5-2.5 Â are rejected. In addition, 
nonbonded rejection constraints of 2.0 Â were applied to eliminate unrealis-
tic conformations. This resulted in a total of 5320 different conformers of 
which 2000 were obtained from the starting structure with both sugars in the 
N-conformation, 2520 from the one with both sugars in the S-conformation and 
800 from that with one sugar in the S- and the other in the N-conformation 
(see Fig. 2). These conformers were subjected to 25 steps of block diagonal 
Newton-Raphson energy minimization using the united atom force field of 
AMBER as implemented in MacroModel [7] (stage 3 in Fig. 2). Duplicate 
structures, generated in this step, were then removed from the data set. 
Conformations were defined as duplicates if all their corresponding torsion 
angles differed by less than 30°. Also, duplicates arising from the symmetry 
of the ring system were removed, i.e., if the torsion angles of the first 
residue in one molecule are equal or nearly equal to the corresponding 
torsion angles of the second residue in a different molecule and vice versa, 
these molecules are considered to be duplicates. This reduced our dataset to 
2854 conformers. Examination of these roughly refined structures showed that 
the closure bond retained its normal value, which is an indication that 
geometrically acceptable conformations are obtained. To the extent that 60" 
rotations of the ring torsion angles properly sample the conformational 
space of d<pApA> the present protocol yields a set of different structures, 
which should provide a good representation of the conformational hyperspace 
available to our molecule. To give an impression of the dispersion of the 
internal coordinates of d<pApA>, the values of the different torsion angles 
a, 0, γ, δ, e, ζ and χ, that are adopted in the different conformers, are 
plotted in Fig. ЗА. It is clear that the values of most torsion angles are 
dispersed evenly over the available conformational space. This is even true 
for the torsion angle 6, which cannot adopt values outside the 60-180° 
range. In some instances the influence of the application of the nonbonded 
rejection constraint is observable in the torsion angle distribution. For 
instance, the torsion angle γ is poorly represented around 120°, because of 
steric hindrance between the C6 and 05' atoms. These structures were removed 
in the non-bonded cut off tests. The same applies to structures with a S-
type sugar conformation for which ε and β are near 120° and 0° respectively. 
Then the PO3 group clashes with some of the sugar atoms. For χ the situation 
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is less transparent; we have not systematically checked whether the blank 
regions in Fig. ЗА are solely due to steric hindrance. 
From the set of conformers those were selected for further study which 
had an energy, differing 15 kcal or less from that of the lowest energy 
structure (Fig. 2). Only A3 out of the total of 2854 conformers fell into 
this category; the other molecules had energies between 15 and 54 kcal/mol 
with respect to the lowest energy conformer. 
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Fig. 3. Distribution of torsion angles present in different conformers of 
d<pApA> obtained after multiconformer generation and energy minimization. 
A) Distribution obtained after multiconformer generation and 25 steps of 
block diagonal Newton Raphson energy minimization (see text). The black 
regions and vertical bars correspond to torsion angle values adopted in the 
different conformers. On the given scale most of the individual values of 
the angles cannot be resolved. B) Distribution obtained for the 18 low 
energy conformers, i.e., conformers with energies below 15 kcal from the 
lowest energy conformer. These conformers were obtained with the aid of an 
additional all atom energy minimization step of 43 low energy conformers 
obtained under A (see text). 
61 
ы 
Table II. Torsion angles and energy values (kcal) obtained for the 18 low 
energy conformations of d<pApA> obtained after an all atom energy minimiza­
tion. The angles are defined according to the IUPAC convention (see Table 
I). The conformational parameters of the different conformers are listed in 
the order of ascending relative energies (E). The energy values are within 
15 kcal from the lowest energy state which has been set to zero. The last 
two columns give the higher order correlation (corr.) of the torsion angles 
between the sugars defined in Table III and the type of sugar conformations. 
nr Ε α^  ßi Yj &ι я^ ζ,ι χι с^ Ç>2 ^ 2 δ2 ε 2 ^2 Χ2 corr. sugars 
1 
2 
3 
A 
5 
б 
7 
8 
9 
10 
11 
12 
13 
U 
15 
16 
17 
18 
0.0 
0.0 
1.8 
3.6 
АЛ 
5.0 
5.4 
7.4 
9.3 
9.6 
9.8 
10.2 
10.6 
11.0 
11.4 
11.4 
12.5 
13.0 
82 
80 
71 
81 
82 
77 
155 
144 
249 
79 
60 
71 
144 
60 
282 
72 
261 
59 
195 
194 
190 
197 
197 
198 
179 
184 
168 
200 
192 
189 
185 
189 
172 
205 
171 
192 
65 
68 
74 
62 
64 
66 
51 
57 
282 
71 
54 
73 
41 
49 
302 
54 
283 
53 
81 
78 
91 
96 
93 
92 
87 
87 
94 
87 
108 
91 
99 
109 
104 
105 
139 
109 
194 
196 
285 
295 
296 
297 
279 
283 
196 
293 
283 
286 
293 
286 
280 
294 
288 
283 
56 
57 
318 
317 
318 
317 
325 
325 
68 
321 
302 
319 
314 
303 
329 
315 
321 
302 
183 
221 
211 
182 
182 
225 
169 
176 
188 
209 
119 
47 
187 
124 
213 
120 
195 
121 
79 
81 
159 
290 
288 
291 
148 
149 
88 
289 
159 
161 
142 
162 
164 
293 
130 
159 
194 
194 
194 
171 
170 
171 
184 
181 
200 
168 
277 
192 
183 
274 
190 
172 
192 
277 
69 
66 
54 
307 
310 
306 
55 
54 
68 
313 
307 
54 
45 
301 
45 
307 
45 
307 
77 
81 
75 
85 
86 
89 
86 
90 
80 
83 
157 
73 
94 
152 
86 
161 
106 
157 
196 
195 
198 
201 
201 
200 
281 
279 
203 
197 
213 
199 
295 
219 
292 
201 
300 
212 
58 
56 
49 
62 
58 
59 
327 
325 
62 
59 
55 
51 
314 
60 
325 
89 
328 
56 
221 
182 
187 
210 
223 
176 
201 
330 
215 
14 
191 
191 
199 
223 
184 
190 
109 
27 
[1-1] 
[1-1] 
[1-2] 
[1-3] 
[1-3] 
[1-3] 
[2-2] 
[2-2] 
[1-4] 
[1-3] 
[1-5] 
[1-2] 
[2-2] 
[1-5] 
[2-3] 
[1-3] 
[2-3] 
[1-5] 
NN 
NN 
NN 
NN 
NN 
NN 
NN 
NN 
NN 
NN 
NS 
NN 
NN 
NS 
NN 
NS 
SN 
NS 
All atom energy minimization 
Thus, 43 conformers were prepared for an 'all atom' analysis by 
addition of hydrogen atoms at the proper sites (it is recalled that the 
preceding energy minimization involved the united atom approach). Moreover, 
two 'hydrated' sodium atoms were added, one near each of the two negatively 
charged phosphate groups of a molecule [8]. The resulting molecular systems 
were then energy minimized using the AMBER program (version 3.0) [9,10] 
with the 'all atom' version of the force field [10]. A distance dependent 
dielectric constant, e = R J Í , was introduced to reduce long range electro-
static interactions. During the minimization some of the molecules form 
hydrogen bonds between the NH2 group of adenine and the N1 atom of the 
other adenine. For this reason we removed the hydrogen bond potential from 
the Force Field. This resulted in energetically more favorable structures. 
After 50 cycles of energy minimization the method was switched from steepest 
descent to conjugate gradient. Minimization was continued until the energy 
difference obtained after subsequent cycles had reduced to 10"' kcal/mol or 
the energy gradient was less than 0.1 kcal/mol Â. This procedure yields 18 
conformers, that have an energy differing 15 kcal/mol or less from that of 
the lowest energy conformer. For the other conformers the relative energy 
values remain higher than 15 kcal. The relative energies and structural 
parameters of the 18 lowest energy conformers are summarized in Table II. 
Torsion angles and their correlations 
For the aforementioned 18 low energy conformers the distribution of the 
torsion angles over the available conformational space is exhibited in Fig. 
3B. If we disregard for the moment the angles δ and χ, examination of Fig. 
3B shows that for these minimum energy structures all torsion angles adopt 
values in either the g -, t or g~-regions, in other words they occur in the 
normal energetically allowed regions. This is for instance demonstrated by 
the values adopted by the torsion angle ε. They occur in the t- and the g~-
but not in the g -region just as expected on the basis of earlier 
observations [11] and energy calculations [12]. On the other hand, it is 
noted that torsion angle values, which are energetically allowed may not 
occur in our data set, e.g., the y^-conformation. 
The values of the angle δ fall around 90° except for five conformers 
which give rise to angles around 150° in one half of the molecule. This 
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Fig. Α. Correlation plots of various torsion angle combinations obtained 
for different conformers in Table II, i.e., the conformers numbered 1, 3, 4, 
7, 9, 11, 13, 15 and 16. The remaining conformers listed in Table II have 
not been incorporated because they are essentially duplicates of the ones 
mentioned above. 
means that in the majority of the low energy structures the sugar moieties 
adopt a N-conformation. The five other conformers contain S-type sugars. An 
analogous phenomena is observed for the glycosidic torsion angle χ. Most of 
the χ-values occur near 200°, which means that the bases have a strong 
preference for the anti-orientation. Four conformers have their base(s) in a 
syn-orientation, i.e., χ is near 30° for three and at -30° for one molecule. 
Five bases are found in a high-syn conformation with χ near 120°. 
Nucleic acid structures are not only characterized by individual 
torsion angles but also by the typical combinations of values these angles 
may adopt or by particular correlations which may exist between these 
values [12]. For nine of the lowest energy conformations, i.e., for those 
numbered 1, 3, 4, 7, 9, 11, 13, 15 and 16 (see table II), the torsion angles 
have been plotted to uncover the possible existence of such relationships. 
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The other nine conformers are duplicate structures with respect to the 12-
membered sugar-phosphate ringsystem, and give therefore no additional 
information. As can be seen in Fig. 4, e.g., in the plot of α versus β, the 
latter angle adopts a trans-conformation almost exclusively. Since α has the 
normally allowed values, no correlation is apparent between α and β. This 
applies to many other combinations in which β is involved (cf. Fig. 4). 
In non-constrained DNA the trans-conformation of β is the lowest energy 
conformation of this torsion angle [12] and in almost all low energy 
conformers β adopts this conformation as well. As a result we expect to see 
a strong correlation between α and γ, because with β in a trans-conformation 
a crankshaft rotation may be performed in which the distance and the 
position of the CA' and P51 atoms remain almost unchanged and the P-051 bond 
retains the same direction [13]. In A- or B-type helices, switches are 
observed from α+,γ" to α",γ+, while in our case a switch from α*·,γ+ to α",γ" 
occurs. In addition, we find the combination α +,γ + and (^ ,γ". The first is 
close to the α,γ pairs observed in Z-DNA, the latter is not normally 
observed. In our case it occurs only when β deviates significantly from the 
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trans-conformation. Within the set of low energy conformers (Table II) these 
are the conformations with somewhat higher energies. 
A distinct correlation is also observed between ζ and ε; when ε is in 
the t-region, ζ occurs in the g+-region. On the other hand, when ε is in the 
g"-region, ζ also falls in the g"-region. We note that the 8t^"-combinati-
on, which is present in A- and B-type DNA does not occur in our dataset. 
The combinations found for the phase angle of pseudorotation. Ρ, and γ 
are also noteworthy. It seems as if the g -conformation of γ 'pushes' the 
sugar exclusively into a N-conformation while the Y,g~-combination is more 
tolerant, since then both N- and S-type sugars are observed. A similar 
observation can be made for the ε,Ρ-combination. The ε'-conformation 
exclusively yields a N-conformation, while ε<- allows both N- and S-conforma-
tions. 
Further examination of the different conformers shows that also higher 
order correlations exist for the ring backbone torsion angles. Only five 
combinations occur for the torsion angles between the sugar residues, i.e., 
for ε^, ζ^, 02« 02» Ύ2 ап<* ^ о г е 2 * ^2· а1» ^1» ^І - T h e s e c a n be gleaned from 
Fig. A and are listed in Table III . It is interesting to consider the 
rotations which transfer one combination into the other; they are discussed 
on the basis of the models drawn in Fig. 5. We start with the lowest energy 
conformation (Fig. 5 top left; see also Table II). It is a symmetrical 
Table III. Sets of torsion angles, e.g., ε2, Çj' α1» Ή » Ύΐ« between two 
sugar residues (cf. Fig. 1) found in the low energy conformers listed in 
Table II. Only five of these combinations are observed; they are numbered in 
the most left column, t = trans, + = g , - = g" and -ac = anti clinal. 
[1] t + + t + 
[2] t t + 
[3] t 
[4] t + -ac t 
[5] t 
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structure of which both sides of the 12-membered ring are characterized by 
the set of torsion angles in line 1 of Table III. This conformer is 
therefore designated structure [1-1]. (Henceforth the two halves of the 
conformers shall be characterized by the line numbers of Table III; each 
number represents a set of torsion angles). In this molecule the cavity 
formed by the 12-ring is occupied by the НЗ' and H5" protons (see Fig. 6). 
By a concomitant rotation of ε ,ζ ,α to ε",ζ",α*- in one half of the 
molecule we obtain structure [1-2] (see Fig. 5). As a result the oxygen 01 
atom of the phosphate group is turned inward into the cavity of the 12-
ring. By this operation an asymmetric structure is generated which can be 
converted into a symmetric molecule by the same set of rotations in the 
other half of the conformer yielding structure [2-2]. On the other hand, one 
can also subject structure [1-2] to a crankshaft rotation so that α ,γ is 
converted to α",γ", giving rise to structure [1-3]. In this conformer 05' 
turns into the ring cavity from above while 01 rotates out of the cavity 
Fig. 6. Ball and stick model of the circular sugar-phosphate backbone of 
conformer 1 in Table II. The cavity formed by the 12-ring is occupied by the 
НЗ' and H5" atoms as is demonstrated by the hatched spheres drawn for these 
protons; the radius of these spheres was taken equal to the van der Waals 
radius of the protons. The H3' atoms are directed towards the reader. 
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from beneath. The conformer [1-3] can be easily converted into the conformer 
[1-5] by a rotation from α',β^- to at,0". By this operation 01 is reinstalled 
into the cavity but in comparison with conformer [1-3] a more spacious 
cavity is created. Finally, it is mentioned that starting from conformer [1-
1] the structure [1-4] can be generated by means of a crankshaft rotation 
involving the transition of α +,γ + to α*-,γ"; in this manner 05' is turned 
into the cavity to replace H5". 
The three conformers depicted in the upper row of Fig. 5 all have N-
type sugars. The formation of S-type sugars is hampered by the fact that the 
H31 protons, which are situated at the edge of the ring cavity in conformers 
with N-type sugars, are drawn into its center when the sugars adopt a S-type 
conformation, thereby giving rise to severe steric hindrance. This can be 
derived from Fig. 6 where it is indicated how in structure [1-1] the ring 
cavity is occupied by the H31 and H5" atoms. The H31 atoms protrude somewhat 
out of the ring in the direction of the reader. Conversion of the sugars 
into a S-type conformation, i.e., changing δ from ~ 90° to = 150°, moves 
these protons into the ring cavity and causes severe clashes. On the other 
hand, the set of structures in the second row of Fig. 5 provides more room 
for the H3'-proton. This is the reason that these conformers are found to 
occur also with S-type sugars; this is for instance the case for conformer 
[1-3]. The required space is obtained by the rotation of γ to γ" so that 
the H5" proton is turned out of the cavity. This conformer allows the 
presence of N-type as well as S-type sugar conformations. The value of the 
energy calculated for conformers with a S-type sugar is higher in such 
conformations since γ has been transferred from g to the energetically less 
favorable g". 
Fig. 5. Models of d<pApA> with the different characteristic torsion angle 
combinations which allow ring closure. The bases , which would be in the 
reader's direction, have been omitted for reasons of clarity. The number 
above the models corresponds with the numbering of the conformers in Table 
II. The numbers below the drawings indicate the combination of torsion 
angles between the sugars: the individual numbers correspond to the 
numbering of the rows in Table III (see text). The arrows indicate possible 
transitions between the conformers as discussed in the text; the atoms 
changing position in these transitions are indicated. 
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A transition from N-type to S-type sugars changes the overall appearan­
ce of the molecule. In conformers with N-type sugars the bases are oriented 
more or less in the same direction. This arises from the fact that for this 
situation the Cl'-NQ bond is oriented almost perpendicular to the average 
plane through the 12-ring. In other words, for a N-type sugar the glycosidic 
bond has a pseudo-axial orientation. On the other hand, when a sugar is 
converted from a N- to a S-conformation the glycosidic bond adopts a pseudo-
equatorial orientation, which means that the molecule obtains a more 
extended form. This is illustrated in Fig. 7 where the conformers A and 16 
from Table II are visualized. The molecules were superimposed so as to 
obtain an optimal matching between the 12-membered rings. Conformers 4 and 
16 belong to the class of structures designated [1-3] which have two N-type 
or one N-type and one S-type sugar, respectively. Conversion of conformer A 
(thin lines) to conformer 16 (heavy lines) accomplishes the transition from 
N- to S-type of one of the sugars, leading to extrusion of the attached 
base. As can been seen in Fig. 7 the base attached to the N-type sugar 
concomitantly changes from an anti- (182°) to an high-syn (120°) orientati­
on. This change of χ is also observed for the other conformers which have a 
S-type sugar conformation. 
Fig. 7. Visualization of conformer 4 (thin lines) and 16 (heavy lines) 
from Table II. These molecules correspond to the conformation [1-3] in Fig. 
5. The transition of one of the sugars from a N- to a S-conformation leads 
to an extrusion of the base attached to it. 
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DISCUSSION 
Hulticonformer generation 
Multiconformer generation methods allow one to scan rapidly through 
molecular conformational space. Recently, efficient algorithms have been 
developed to do this systematically for not too large molecules in particu-
lar for circular molecules. In this approach torsion angle space is 
efficiently scanned in a tree search procedure [6,14] and only those 
conformers are retained which fulfil the input constraints, i.e., in our 
case the ring closure constraint and the nonbonded rejection constraints. In 
order to restrict the computer time needed for energy minimization of the 
conformers obtained after the generation step it is preferred to limit the 
number of starting structures, i.e., the number of conformers generated by 
the multiconformer generator, to a minimum and at the same time make sure 
that proper sampling of the conformational hyperspace is performed. Lipton 
and Still found that a reasonable compromise between these opposing 
requirements can be achieved when the torsion angles are varied in steps of 
60° and a closure bond distance of 0.5-3.0 Â is introduced [6]. This 
approach was applied in the present study of d<pApA>. After the conformer 
generation step the structures were subjected to 25 steps of block diagonal 
Newton-Raphson energy minimization. Examination of the results showed that 
the torsion angles in the structures obtained in this procedure were 
dispersed evenly over torsion angle conformational space (Fig. ЗА) sugge­
sting that proper sampling had taken place. In contrast with the earlier 
studies [6,14] we then proceeded with an all atom minimization of the 43 
low energy structures leaving the high energy conformers out of consider­
ation. This saves an appreciable amount of computer time, but implicitly 
assumes that the energy refinement of these 43 conformers leads to the 
lowest energy states. We have some indications that, for d<pApA>, this is a 
reasonable assumption although we can of course not rule out that a 
continued all atom energy minimization of higher energy conformers does not 
lead to conformations with energies comparable or lower than those of the 18 
conformers following from the aforementioned 43 conformers. 
As an example we mention the observation that a conformer is obtained 
with values for the torsion angles and for the total energy so close to the 
values obtained for the lowest energy conformer that it can be considered a 
duplicate of the latter (compare conformer 1 and 2 in Table II) while just 
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prior to stage 3 in Fig. 2 the conformations were entirely different. 
Another case in point is the NS-conformer built for the monomer form on the 
basis of available NMR data [4] (vide infra). This structure is not among 
our lowest energy conformers. Scrutiny of the higher energy structures, 
i.e., structures with energies higher than those of the aforementioned A3 
conformers, showed that a conformation closely resembling this NS-conformer 
is present among these. It turned out however that continued all atom energy 
minimization of this conformer leads to a duplicate of structure 9 in Table 
II, indicating that in the multiconformer generation we did not miss this 
conformation. It is noted in passing that this convergence did not happen in 
the earlier calculations carried out in relation to our NMR studies [A]. The 
only reason we can think of is that the earlier calculations were carried 
out with the AMBER version 2, while the present calculations were performed 
with AMBER version 3, which possibly has somewhat different convergence 
properties. 
Structural features 
The results show that different conformations, i.e., different combina­
tions of torsion angles, are possible for the twelve-membered ring. Thus, it 
is more than one set of torsion angles which can accommodate a 180° change 
in direction of the sugar phosphate backbone through only one nucleotide 
residue. Comparison of the torsion angles of the lowest energy conformer 
with those found in the backbone of regular A- or B-type helices shows that 
they give rise to the same staggered conformations as found in A-type 
helices except for a and ζ. In the lowest energy conformer these angles 
fall in the g domain while in A-type helices, or more generally in right-
handed helices, both are in the g~ domain. Thus, conversion of α and ζ into 
the g region is sufficient to induce a complete change in direction of the 
backbone; this places the bases about 6.8 Â apart, while their planes may 
remain in a parallel orientation. This was noted before in some model 
calculations [17]. 
All possible combinations of e, ζ, α, β and γ, obtained at the very end 
of stage 2 in Fig. 2, which accommodate a 180° change in the conformation 
of the phosphate backbone within a dinucleotide step and allow ring closure, 
are collected in Table IV. Most of these conformers are high energy 
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structures; only five combinations occur for the low energy conformers and 
these can be converted into one another as has been discussed (vide supra). 
Several of the combinations listed in Table IV are found in the loop regions 
of the crystal structure of yeast tRNA° [18] and the solution structure of 
four different synthetic DNA hairpins; the latter were studied by means of 
NMR spectroscopy [17,19]. Interestingly, the 180° change in backbone 
direction in the loop regions of these molecules is located in between 
adjacent residues and the necessary alterations in the torsion angles 
are not dispersed evenly over the total loop region. Furthermore we note 
that the turn in the ΤΨΟΙοορ of the tRNA is characterized by the same 
combination of backbone angles as conformer [2] of d<pApA> (cf. Table III). 
In most of the low energy conformations as well as in the X-ray [5] 
and NMR structure [4] the deoxyribose sugars adopt a N-conformation which 
was initially somewhat surprising. Apart from the fact that deoxyribose 
sugars preferably have S-conformations, the N-conformation also shortens the 
distance between the phosphate groups from 7 λ (in the S-conformation) to 
5.9 к [20], which adds an unfavorable electrostatic contribution to the 
energy. Apparently, this is less of a disadvantage than the steric hindrance 
induced between the НЗ' atoms when S-conformations are adopted (vide supra). 
As discussed already, other combinations of torsion angles that are 
found in the low energy conformers may accomplish ring closure as well. In 
this respect it is striking that most of the low energy conformers (Table 
II) are asymmetric and that in most of these one half of the conformation of 
the low energy conformer is maintained. For some of the lowest energy 
conformers (Table II) duplicates are found: e.g., conformer 1 and 2 for [1-
1] and conformer 4,5 an б for [1-3]. These conformations are practically 
identical and their existence shows that different starting structures can 
end in the same energy minimum. For the [1-3] combination, the energy 
contents increases (about 6 kcal) when one of the bases adopts a syn-
conformation (cf. Table II, conformers 4 and 10). An increase of the energy 
is also obvious for other conformers which change the orientation of one 
base from anti to syn. 
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Table IV. Sets of torsion angles as in Table III found for all conformers 
generated at the end of stage 2 of the multiconformer generation (see Fig. 
2). The combinations of torsion angles occurring in turns in tRNA and DNA-
hairpin loops (formed by d(C
m
G-C
m
GTG-C
m
G) [17], d(CG-C
a
TAG-CG) [18], 
d(ATCCTA-TTTT-TAGGAT and d(ATCCTA-TTTA-TAGGAT) [19]) are indicated. The 
numbers between the parenthesis indicate the residues between which the 
turns occurs. 
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junction AC arm D arm (9-10) 
d<pApA> (I); conformer [1] 
D-loop (15-16) 
AC loop (33-34) 
ТУС loop (55-56); conformer [2] 
dí^G-C^GTG-CnjG) (5-6) 
d(CG-CaTAG-CG) (5-6) 
d(ATCCTA-TTTT-TAGGAT) (9-10) 
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nr ε ζ α β γ observed turn 
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the twelve-membered rings of the two conformers. The positioning of the 
adenine rings is however quite different. This may result from an enhanced 
tendency to form hydrogen bonds in the energy minimized structure (double 
arrows in Fig. 8B): the calculations were carried out in absence of water 
molecules which may overemphasize the interaction between donor and acceptor 
groups in the adenines. This interaction may influence the conformation in 
other parts of the molecule, e.g., may induce the relatively high value of 
the sugar pucker amplitude, which results in a shift of the CI' atoms 
towards each other, allowing for a change in the direction of the adenine 
groups. 
In solution d<pApA> is found in a dimer as well as in a monomer form 
[4]. The monomer occurs in at least two conformations, one of which is 
almost identical with the conformation of the molecules incorporated in the 
dimeric species. The other has a more extended shape; one or both sugars are 
S-puckered, while the torsion angle γ falls in the g"-region and the angle E 
has increased its value. From the results obtained in this paper it is now 
clear that γ has to convert into a g~ value before a S-puckered sugar can be 
Table V. The internal coordinates of the structure of d<pApA> determined by 
means of X-ray crystallography and NMR are compared with those of conformers 
[1-1] and [1-4]. Because the first conformations have a pseudo-axis of 
symmetry the torsion angles given are averaged; for the last two conformati­
ons the two lines refer to the two different halves of the molecule, a) 
values of the torsion angles derived directly from experimental data, b) 
refined structure of NMR(I) obtained with the aid of AMBER 2.0. c) low 
abundance conformer; torsion angles derived from experimental data. 
α Ρ γ δ ε ζ χ Ρ φ , η 
X-ray 
NMRa [I] 
NMRb [I] 
[1-1] 
NMRC [II] 
[1-4] 
67 
59 
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188 
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t 
t 
200 
168 
54 
60 
57 
67 
R+ 
g" 
68 
282 
95 
92 
92 
79 
89 
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80 
94 
202 
200 
202 
195 
230 
230 
203 
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63 
69 
64 
57 
«! 
8 + 
62 
68 
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-
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_ 
-
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-2 
-7 
-7 
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1 
130 
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35 
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40 
41 
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Comparison with X-ray and NMR structures 
The structure of the cyclic dinucleotide d<pApA> had been investigated 
before with the aid of X-ray diffraction [5] and nuclear magnetic resonance 
spectroscopy [4]. The conformation of the form predominantly present in 
solution appeared to be very similar to that derived by means of X-ray 
crystallography. In Fig. 8A, the crystal structure (thin lines) and the 
solution structure (heavy lines) are superimposed. It is clear that the 
conformation of the 12-membered sugar-phosphate backbone of the structures 
is almost identical. This also follows from a comparison of the torsion 
angles observed in the two structures (see Table V). The most outstanding 
difference between the two models is the positioning (indicated by the 
arrows in Fig. 8A) of the adenine bases, which has been noted before [5]. 
In Fig. 8B, the lowest energy structure obtained in the present study is 
represented by thin lines and it is compared with the X-ray structure 
(thick lines). Again there is good agreement between the conformations of 
Fig. 8. A) Superposition of the X-ray structure (thin lines) and the NMR 
structure (thick lines). Coordinates were taken from references 5 and 4, 
respectively. The structures are almost identical only the exact positions 
of the bases, indicated with arrows, differ. B) Superposition of the lowest 
energy conformer (Table II, thin lines) and the crystal structure (thick 
lines). The conformations of the 12-rings are similar, but the positions of 
the adenine bases differ resulting from the formation of a hydrogen bond 
(indicated by a double arrow). The tendency to form such hydrogen bonds is a 
property of the force field calculations in which solvent molecules are not 
included. 
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formed and that a S-type sugar orients the base in a pseudo equatorial 
position thereby giving rise to the extended shape. If the aforementioned 
changes occur in only one half of the molecule, we obtain a conformation 
which resembles that of conformer 9 in Table II ( structure [1-4] in Fig. 
5). With respect to this extended conformation it is worth mentioning that 
in the crystal structure of d<pApA> one residue was found to be disordered. 
The estimated sugar conformation was deviating significantly from a pure 
СЗ'-endo conformation. The observed disorder suggests that the equilibrium 
present between the two conformations in the solution- structure is also of 
importance in the crystal. 
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CHAPTER 4 
NMR STUDIES OF LOOP FOLDING IN A IMA HAIRPIN MOLECULE 
AN INVESTIGATION OF THE SOLUTION STRUCTURE OF 
d(ATCCTA-TTTT-TAGGAT) 
ABSTRACT 
The hairpin formed by the partially self-complementary oligonucleotide 
d(ATCCTA-TTTT-TAGGAT) was studied by means of high-resolution NMR. Applica­
tion of 2D-NMR allowed an almost complete assignment of the '•H-NMR spectrum. 
On the basis of the sequential assignments it is concluded that the stem of 
the hairpin is a B-type double helix. The stacking of the double helical 
stem is continued into the loop-region, i.e., starting from the S'-end the 
first two bases in the loop continue the stacking pattern of the stem; the 
third nucleotide partly overlaps with the second. The fourth nucleotide 
closes the remaining gap; its base is turned inward and forms a non-
canonical T-T pair with the first base in the loop. To check whether this 
loop folding is energetically feasible we performed a series of molecular 
mechanics calculations. The coordinates of the energy minimized structure 
were used to predict a 2D-N0E spectrum for the hexadecanucleotide. In this 
way a qualitative agreement between the cross peak intensities of the 
simulated and experimental spectrum could be obtained. The conformation of 
the 180° turn in the sugar-phosphate backbone between the third and the 
fourth loop residue was further examined by means of a multi-conformational 
analysis. These calculations corroborate the proposed loop structure. The 
turn in the phosphate backbone is accomplished with the combination of 
torsion angles ε^-ζ -α -ßt-Yt. The results show that the earlier formulated 
loop folding principle which states that the loop structure is dictated by 
the structure of the stem, is operative in this hairpin. 
INTRODUCTION 
The last decade has witnessed an outburst of NMR studies of nucleic 
acid structure and dynamics. Initially such investigations were aimed at the 
study of exchange properties of imino protons involved in hydrogen bonding 
in base pairs, at the determination of the melting properties of double 
helical molecules and at resolving the conformational properties of the 
sugar moieties in small oligonucleotides. Detailed structural studies were 
Blommers, M.J.J., Haasnoot, С.A.G., Hilbers, C.W., van Boom, J.H. & van der 
Marel, G.A. (1987) Structure and Dynamics of Biopolymers, NATO ASIS 
Series E: Applied Sciences 133, 78-91. 
Hilbers, C.W., Blommers, M.J.J., van de Ven, F.J.M., van Boom, J.H. & van 
der Marel, G.A. (1990) CECAM Workshop (in press). 
79 
hampered by the inability to interpret the complicated spectra which are 
obtained for medium sized and larger nucleic acid molecules. In the last 
five years this situation has changed dramatically. The introduction of NMR 
spectrometers operating at 500 MHz and the development of two dimensional 
Fourier Transform methods have increased the resolution of the NMR method 
tremendously. The concomitant development of assignment procedures and the 
possibility to measure short range distances, albeit in a qualitative way, 
between protons in a molecule, have made the NMR technique one of the most 
powerful methods to study the structure of molecules in solution. 
Assignments of resonances in nucleic acid molecules have concentrated 
on the identification of imino proton resonances and on the interpretation 
of pyrimidine and/or purine H6 and H8 resonances via mutual NOE connectivi-
ties with HI' and HZ'/HZ" resonances. Once one has succeeded in assigning 
these resonances, identification of the remaining proton signals may follow 
relatively easy. Assignments of the first category have solved a long 
standing problem in the NMR spectroscopy of nucleic acids, namely, the 
identification of the imino proton resonances in tRNA's [1-6]. The second 
approach [7] has played a crucial role in detailed structural studies of 
well defined DNA fragments in solution [8,9]. 
In this Chapter the application of the aforementioned methods will be 
illustrated for the partly self-complementary oligonucleotide d(ATCCTA-
TTTT-TAGGAT). It was established elsewhere that this molecule forms a 
hairpin structure with a melting temperature of 53 "C at 0.2 M NaCl [10-12]. 
We will first consider 2D-N0E spectra obtained for this molecule and use 
these for the interpretation of the spectrum. Subsequently, the assignment 
of the resonances and NOE cross peaks will be used to derive a preliminary 
structure for the hairpin. The results will be compared with the folding 
principle derived for loop formation in hairpin molecules and with the 
results of a molecular mechanics calculation carried out for d(ATCCTA-TTTT-
TAGGAT) [13]. The change in the direction of the sugar-phosphate backbone, 
which is necessary to form a hairpin structure, is located between the third 
and fourth residue in the loop region. The conformation of this dinucleotide 
is analyzed with the methods developed in Chapter 7. 
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MATERIALS AND METHODS 
The hexadecanucleotide was synthesized via the phosphotriester method 
[26]. NMR samples were prepared by dissolving the oligonucleotide to a 
concentration of 3 raM in a D2O solution containing 25 mM sodium phosphate, 1 
mM sodium cacodylate and 0.1 mM EDTA at pH 7.0. NaCl was added to 200 mM 
sodium concentration. In addition, a similar H2O sample (5 % D2O) was 
prepared with pH = 6.0. 
500 MHz ^H-NMR experiments were performed on a Bruker WM500 spectrome­
ter interfaced to an Aspect 3000 computer. NOESY spectra were recorded with 
a spectral width of 5000 Hz, using a mixing time of 75, 125, 200, 300, 400 
and 500 ms respectively. All experiments involving the D2O samples were 
performed at 294 K. All spectra were acquired with 512 points in the t^- and 
4K points in the t2-direction with a spectral width of 5000 Hz. The ω^-
scaled DQF-COSY spectrum was recorded with a scaling factor of 2. The pulse 
sequence and phase list is given in Chapter 2 (Fig. 2). A NOESY and 1D-NOE 
difference spectra of the sample dissolved in H2O were recorded at 277 and 
274 K, respectively. Suppression of the H2O resonance was achieved using a 
semi-selective acquisition pulse. The carrier was placed at the edge of the 
spectrum, down-field from the imino proton signals. A spectral width of 
20000 Hz was used. The residual signal from the solvent was further reduced 
by means of data shift accumulation [18]. 
The multi-conformational analysis performed for the loop residues, 
comprising the 180°-turn in the phosphate backbone, is described in the 
Materials & Methods section of Chapter 7. 
RESULTS AND DISCUSSION 
Assignment of non exchangeable protons in d(ATCCTA-TTTr-TAGGAT). 
Assignment of sugar backbone and base ring protons is possible on the 
basis of NOESY spectra recorded in D2O. Standard sequential assignment 
procedures are available, which make use of the fact that the distances 
between the base ring protons H6 and H8 of pyrimidines and purines and the 
sugar HI' and H2'/H2" sugar protons are short enough (i.e., less than 4 Â) 
that NOE effects can be observed between the resonances of these protons 
[14-16]. This is illustrated in Fig. 1 which displays the distances between 
the mentioned ring protons and the HI' and H2'/H2" sugar protons of the 
sugar attached to the base and of the sugar of it's 5'-neighbor found in a 
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Fig. 1. Average distances between the purine H8 and pyrimidine H6 proton 
and the Hl'/H2'/H2" deoxyribose protons in B-DNA helices [17]. These 
distances should not be interpreted in an absolute way as the Arnott model 
is necessarily only an approximation to the true helix conformation at the 
atomic level. The data serve to show that the purine H8 or pyrimidine H6 
proton is not only close to it's intra-nucleotide 1', 2' and 2" protons but 
also to the 1', 2' and 2" protons of it's 5'-neighboring nucleotide. 
Therefore, in a 2D NOE experiment intra- as well as inter-nucleotide cross 
peaks will be observed for the base protons of an oligonucleotide (see Fig. 
2). 
B-DNA helix. This observation is used in the sequential assignment procedu-
res. Briefly, starting with the cross peak between the base ring proton (H6 
or H8) and the sugar HI' proton resonance of the residue at the 5'-end of 
the sequence, one proceeds by looking for the cross peak between this HI' 
sugar resonance and the ring proton resonance of the next residue in the 3'-
direction. Once this cross peak is found, the procedure is repeated and in 
this way one proceeds through the nucleotide chain. A similar approach is 
possible when starting from the S'-end of the molecule. This procedure 
allows the assignment of the sugar HI ' and base H6 and H8 resonances to 
particular residues in the sequence. 
For d(ATCCTA-TTTT-TAGGAT) this approach is illustrated in Fig. 2. 
Starting with the H8-H11 cross peak for Al, we can assign the ring and sugar 
HI' proton resonances until we arrive at the loop residue L3 for which we 
can assign the HI' resonance, but we are not able to make the connection to 
the H6 resonance of the loop residue L4. On the other hand, when we start at 
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the S'-end with the resonances of Tl we are able to proceed to the H6 
resonance of L4 mutatis mutandis we are not able to proceed to the HI' 
resonance of L3. The results suggest that the stacking of the bases present 
in the stem is transferred to the bases in the loop, i.e., proceeding in the 
3'-direction LI and L2 stack in a more or less helical fashion on A6 and L4 
on T6. The situation with respect to L3 is somewhat less clear since the 
cross peak between the HI' resonance of L2 and the H6 resonance of L3 
strongly overlaps with the cross peak between the HI' and the H6 resonance 
of T2 (cf. Fig. 2). 
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Fig. 2. Part of the 500 MHz 1H NMR NOESY spectrum of d(ATCCTA-TTTT-TAGGAT) 
recorded with a mixing time of 0.3 s at 27 "C. Cross peaks between aromatic 
base proton resonances (7.1-8.3 ppm) and HI' proton resonances (5.Д-6.3 ppm) 
are shown. In the assignment of the resonances the numbering is used as 
indicated for the hairpin structure at the right hand side. The sequential 
assignment of the cross peak is indicated. Starting with the cross peak 
between the 5'-terminal A1H8 and AlHl' resonances, a solid line connects all 
cross peaks belonging to neighboring residues in the stem. The sequential 
assignment can be extended up to the third base in the loop as indicated by 
the dashed line. Analogously, the cross peaks from the other strand in the 
stem can be assigned by starting from the З'-end as indicated. The sequenti­
al assignment can be extended up to the base LA. The connectivity pathway in 
the loop is again indicated by a dashed line. 
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A similar approach can be followed with respect to the connectivities 
between the base ring proton and the Нг'/Нг" sugar resonances. Because of 
overlap of cross peaks the analysis cannot be extended into the loop as far 
as for the HI' resonances, but by a combination of the results with those 
obtained for the HI' resonances it is nevertheless possible to assign all 
H2 1 and H2" resonances. Discrimination between H21 and H2" resonances can be 
achieved by means of the DQF-COSY (J-splitting patterns of the cross peaks) 
and the NOESY spectra (intensity differences of cross peaks at shorter 
mixing times): all H2' resonances are found at higher field compared with 
the H2" resonances of the same sugar residue. 
Having identified the pyrimidine H6 resonances it is now straightfor­
ward to analyze the spectrum of the methyl groups of the thymidine residues. 
In turn these resonances can be used to support the structural features of 
the hairpin already apparent from the analysis of the HI' and H2I/H2" 
resonances, i.e., in B-DNA the distance between the thymine methyl groups 
and the H6 or H8 proton of the residue at the 5'-side is sufficiently short 
to give rise to cross peaks in a NOESY spectrum. The observed cross peaks 
corroborate the findings already available from the sequential assignments 
described above, i.e., the stem of the hairpin forms a B-type double helix, 
the thymidine LI is stacked upon A6, L2 is stacked upon LI and T6 on LA. 
There is no connectivity between L4 and L3 indicating that the disruption of 
the regular stacking pattern in the loop is between L3 and LA as was already 
indicated by the results of the sequential assignment procedure. The results 
Fig. 3. Summary of the sequential NOEs (dark boxes) observed in the NOESY 
spectra of d(ATCCTA-TTTT-TAGGAT) between base ring proton resonances and 
sugar proton or methyl resonances. The hatched boxes indicate situations in 
which cross peaks between resonances of neighboring nucleotides could be 
observed but some uncertainty remained due to overlap. Note the absence of 
cross peaks between the loop residues L3 and LA, which indicates a perturba­
tion of the B-type stacking pattern in this part of the molecule. 
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Fig. 4. Part of the 500 MHz 1H NMR NOESY spectrum (ω1 =1.15 to 6.28 ppm, 
iD2 = 3.43 to 6.37 ppm) of d(ATCCTA-TTTT-TAGGAT) recorded with a mixing time 
of 0.3 s at 27 0C. The assignment of the sugar protons of residue A5 is 
indicated. 
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Table I. Chemical shifts of the ^-resonances of d(ATCCTA-TTTT-TAGGAT) at 
27 "С. Chemical shifts (ppm) are relative to DSS. The shifts between 
parenthesis are not entirely unambiguous, due to spectral overlap. 
Residue H6 H5 НГ Нг' H2" НЗ' HV HS' H5" 
H8 СНз 
Н2 
Al 
Т2 
сз 
С4 
Т5 
Аб 
LI 
L2 
L3 
L4 
Т6 
А5 
G4 
G3 
А2 
TI 
8.23 
7.44 
7.62 
7.57 
7.31 
8.28 
7.28 
7.48 
7.42 
7.54 
7.50 
8.23 
7.65 
7.62 
8.14 
7.23 
8.00 
1.36 
5.64 
5.60 
1.69 
7.68 
1.68 
1.78 
1.54 
1.84 
1.83 
7.64 
--
--
7.99 
1.42 
6.22 
6.06 
6.05 
5.91 
5.74 
6.26 
5.82 
6.04 
5.88 
6.14 
5.49 
6.00 
5.55 
5.69 
6.27 
6.12 
2.73 
2.24 
2.24 
2.09 
1.86 
2.70 
2.03 
2.02 
2.02 
2.29 
2.14 
2.69 
2.52 
2.52 
2.62 
2.12 
2.87 
2.54 
2.53 
2.46 
2.32 
2.76 
2.30 
2.31 
2.26 
2.56 
2.40 
2.85 
2.65 
2.71 
2.86 
2.15 
4.86 
4.89 
4.83 
4.79 
4.85 
5.00 
4.78 
4.60 
4.68 
4.70 
4.82 
5.03 
4.97 
4.96 
4.97 
4.51 
4.25 
4.23 
3.80 3.80 
(4.12)(4.12) 
(4.25)(3.85)(3.85) 
4.15 
4.08 
4.38 
4.12 
4.10 
4.00 
4.22 
4.11 
4.38 
4.40 
4.35 
4.38 
3.98 
(4.17X4.08) 
(4.08X4.08) 
(4.23X4.09) 
(4.15)(4.01) 
3.92 4.02 
3.89 3.74 
4.00 3.82 
(4.09)(4.03) 
4.10 4.17 
(4.16)(4.16) 
(4.18)(4.18) 
(4.18X4.18) 
(3.98)(Э.75) 
of these assignments are summarized in Table I. The inter-residue connecti­
vities obtained for the hexadecanucleotide are schematized in Fig. 3. 
Having obtained an identification for the HI' and H21/H2" sugar 
resonances one may attempt to assign the rest of the proton resonances to 
the individual sugar residues. This is of some interest because eventually 
this may lead to a definition of the sugar conformation once after the 
interpretation of the sugar resonances the J-couplings between the proton 
spins can be determined. In most instances we succeeded in obtaining a 
complete identification of the sugar proton resonances. An example of the 
assignment of the sugar resonances of residue A5 is presented in Fig. 4. It 
is noted that spin diffusion effects between HI' and the other spins such as 
H31, M ' and HS' or H5" in sugar ring very often facilitate the assignment 
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procedure; this is also clear for the A5 sugar (see Fig. A). The assignments 
of the sugar resonances have been confirmed by means of a TOCSY experiment 
(not shown). The results are given in Table I. The assignments of the 
resonances which, for the reason of spectral overlap, are not unambiguous 
are placed between parenthesis. In addition to the above discussed connecti­
vities three other cross peaks are,worth mentioning. At ω^,ο^ = 1.84, 5.88 
ppm a cross peak is observed between the methyl resonance of residue L4 and 
the HI' resonance of L3. This is the only cross peak observed between a 
methyl resonance and an HI' resonance and forms an indication of the 
peculiar structure in the loop formed by the L3 and L4 residues (vide 
infra). Furthermore we note the occurrence of cross peaks between L3 CH3 and 
L2 H3' and between L3 CH3 and L2 CH3 indicating that although L3 is stacking 
on L2 the stacking pattern may deviate from that found in normal B-DNA. 
The results obtained so far merely give a qualitative description of 
the loop structure. For a more detailed characterization additional data 
are required. In this respect, it is interesting to mention the occurrence 
of some additionally observed NOE cross peaks between protons of loop 
0 Η 1 1 1 1 1 1 1 1 1 1 1 
0 90 180 270 360 
Fig. 5. The torsion angle dependence of the coupling constants J4'5' (A), 
J4'5" (B), J5'P (C) and J5"P (D), calculated with Eqs. 1 and 2. J4151 and 
J41511 correspond to γ; Js'p and J5"p correspond to β. This plot can be used 
to derive these torsion angles, when these torsion angles are conformation-
ally pure. 
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residues. It turned out that the cross peaks between H6 of LA and its 
H5'/H5" sugar proton resonances persist even at a mixing time of 75 ms when 
such effects are no longer observed for the other nucleotides. This 
indicates that the torsion angle γ of the 05'-C51-CV-C31 bond of this sugar 
moiety corresponds to a gauche" or trans conformation instead of the 
normally observed gauche conformation. The sugar phosphate backbone can be 
described in further detail by examining the torsion angles γ and β on the 
basis of the J-coupling information present in the double-quantum filtered 
COSY (DQF-COSY) spectrum. The value of the 1H-1H coupling constants J4151 
and J^'s" and the Η-P coupling constants ^з'р and J5"p, which can be 
obtained from the cross peaks in this spectrum, are a function of the 
torsion angles γ and β, respectively. They can be calculated using the well 
known Karplus equations: 
JHCCH = 1 3 · 2 2 cos2 φ - 0.99 cos φ + 
Σ( 0.87 - 2.46 cos2 ( Ç^ + 19.9 \ &χ
ί
 | ) ) ах± (1) 
and 
JHC0P = 1 5 · 3 c o s 2 Φ - 6.1 cos φ + 1.6 (2) 
(cf. Chapter 2). For convenience the above mentioned J-couplings are plotted 
as a function of β and γ in Fig. 5. In standard B-DNA, the torsion angle γ 
adopts a gauche conformation and the J^ ts» coupling constant is small. This 
means that the corresponding cross peak is weak or absent in the DQF-COSY 
spectrum. For the fourth loop residue, however, an unusually strong cross 
peak is observed between the HA' and H5" resonances. This is indicated in 
Fig. 6A (cross peak enclosed in a box, indicated by an arrow), where part 
of the DQF-COSY spectrum is plotted. This cross peak is shown in more detail 
in Fig. 6B together with the pattern simulated for this connectivity. The 
best correspondence between measured and simulated pattern was obtained with 
the following set of coupling constants: J^'s" = 10.3 Hz, ^ з'д· ж 0.8 Hz, 
J4151 = 2.6 Hz, J5'5" = -12.0 Hz and J5"p =3.1 Hz. These values of the 
J415M and J^'s' coupling constants correspond with a predominance of the γ*-
conformation (cf. Fig. 5) in agreement with the conclusions obtained from 
the NOE measurements (vide supra). In addition, it can be concluded from the 
observation that the J51P and J5"p constants are small and that the torsion 
angle β is strongly biased towards the trans conformation. 
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Fig 6. A) Region of the DQF-COSY spectrum in which the HA', H51 and H5" 
protons resonate. The cross peaks corresponding to the LA residue are boxed. 
A strong cross peak is observed between HA' and H5", indicated with an 
arrow. This cross peak is enlarged (B) and compared with a simulation. The 
splitting of the signal by the various couplings is indicated. A large 
active JA'5" coupling splits the cross peak in positive and negative 
absorption peaks. 
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Exchangeable protons. 
When d(ATCCTA-TTTT-TAGGAT) folds into a hairpin, six canonical Watson-
Crick base pairs are formed giving rise to six imino proton resonances when 
the molecule is dissolved in a H2O solution. Six such resonances are indeed 
observed but, in addition, four extra imino proton resonances are present 
around 11 ppm which must arise from the imino protons of the thymidines in 
the loop (see Fig. 7). Assignment of the imino protons in the stem were made 
by means of ID NOE experiments [18]. Pre-saturation of one particular imino 
proton resonance should give rise to Overhauser effects at the imino proton 
resonance of the neighboring base pairs. An example is provided by the 
experiment presented in Fig. 7. The resonance from GC4 at 12.7 ppm is 
irradiated and Overhauser effects are observed at 13.7 ppm for the resonance 
from AT5 and at 12.6 ppm for the resonance from GC3. Using the same 
approach, we have tried to assign the imino proton resonances of the loop 
thymidines. Pre-saturation of the high field resonance (intensity correspon­
ding to one proton) at 10.7 ppm gives rise to an Overhauser effect at the 
imino proton resonance position of base pair AT6 and a larger one at the 
position of the other loop imino proton resonances (at 10.8 ppm). This 
suggests that the presaturated resonance is from one of the thymidines (LI 
or LA) neighboring the AT6 base pair. The sequential assignments of the non-
exchangeable protons, discussed above, indicated that both LI and L4 are 
stacked on the AT6 base pair so that indeed an Overhauser effect between the 
imino proton resonances of AT6 and that of LI and/or L4 may be expected. LI 
and L4 being stacked on base pair AT6 might easily lead to the formation of 
a T-T base pair involving two hydrogen bonds as indicated in Fig. 7. For 
such a base pair we expect a large, i.e., 10-20 % Overhauser effect when one 
of the imino proton resonances is irradiated. This is indeed what is 
observed in Fig. 7 indicating that such a base pair is present in the loop 
structure of the hexadecanucleotide. This interpretation is nicely confirmed 
when an NMR melting experiment is conducted (see Fig. 8). Elevation of the 
temperature leads to broadening and shifting of the imino proton resonances. 
The interpretation of these effects has been discussed elsewhere [10]; here 
we want to point out that at 291 К we obtain two resonances of equal 
intensity which originate from signals with an intensity ratio of 3:1 at 271 
K. In view of the results presented above the most plausible interpretation 
of this observation is that the imino protons of the thymidines L2 and L3 
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Fig. 7. 500 MHz 1H NMR ID NOE experiments performed with d(ATCCTA-TTTT-
TAGGAT) at 0 "C. The lower trace is the reference spectrum exhibiting the 
imino proton resonances arising from the base pairs (between 12 and 14.5 
ppm) and from the thymidines in the loop (between 10 and 11 ppm). The 
numbers refer to the base pair numbering given in Fig. 1. The middle trace 
represents the NOE difference spectrum obtained after presaturation (during 
0.3 s) of the imino proton resonance of base pair GC4. NOEs are seen for the 
imino proton resonances of GC3 and AT5. The upper trace represents the NOE 
difference spectrum obtained after presaturation of the high field resonance 
from the loop residues. A weak NOE is observed for base pair AT6 and a much 
larger NOE (about 15 %) for the imino proton resonance from another loop 
residue. This result is interpreted to indicate the existence of a T-T base 
pair between residues LI and LA stacked upon the double helical stem of the 
hairpin (see text). 
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Fig. 8. The 500 MHz imino proton spectrum of d(ATCCTA-TTTT-TAGGAT) recorded 
as a function of temperature. We note that at 291 К the intensity of the 
loop imino proton signal has decreased by an amount corresponding to two 
proton resonances. The remaining signals assigned to the T-T pair disappear 
more or less concomitantly with the other imino proton signals (see text). 
exchange rapidly with H2O at 291 К while the T-T pair remains intact. As 
judged from the spectra measured at higher temperatures this base pair melts 
concomitantly with the base pairs in the stem. 
At this point the only resonances that have not been assigned are those 
from the adenine C2H moiety and those arising from the amino groups. In one 
dimensional NOE difference spectroscopy these signals can be identified in 
principle after presaturation of assigned imino proton resonances [1,19]. 
NOESY experiments of the sample dissolved in H2O allow a more systematic 
approach. For the hexadecanucleotide, this is shown in Fig. 9. For the CG 
pairs, cross peaks can be observed between imino proton resonances and 
cytidine amino proton resonances. In turn, we see cross peaks between the 
cytidine amino proton signals and between the cytidine amino protons and the 
C5H resonance. Note that also a connectivity is observed between the imino 
protons and the C5H resonance which is caused by spin diffusion. The latter 
92 
cross peaks provide an independent check for the correctness of the 
assignments since the position of the C5H resonance was already established 
(vide infra). The assignment of the three adenine amino proton resonances is 
also indicated in Fig. 9. It turns out that the assignment of the guanine 
amino proton signals is not very well possible. In these base pairs the 
amino group still has an appreciable amount of rotational freedom which at 
А"С leads to a strong broadening of the amino proton signals. Apart from the 
mentioned exceptions we have now come to the point that a complete as­
signment of the proton spectrum of d(ATCCTA-TTTT-TAGGAT) has been achieved. 
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Fig. 9. Part of the 500 MHz 1H NMR NOESY spectrum of d(ATCCTA-TTTT-TAGGAT) 
dissolved in H2O recorded with a mixing time of 0.3 s. at 4°C. Water 
suppression methods used to obtain this spectrum have been described 
elsewhere [18]. Two spectral regions are connected, i.e., ω^ = A.5 to 9.0 
ppm, (¿2 = 11.2 to 14.8 ppm, containing imino proton cross peaks, and ωι = 
4.5 to 9.0, ¡¡¡2 = 6.3 to 8.8 ppm, containing amino and base ring proton cross 
peaks. The solid lines connect connectivities between the imino proton 
resonance of G4 (see Fig. 1) and the amino- and C5H resonances of C4. The 
latter connectivities can only be observed when sufficient spin diffusion is 
permitted; the spin diffusion pathway is indicated in the base pair (top 
left). The cross peaks observed for the amino proton resonances of C3, A2, 
A5 and A6 are also indicated. The resonances of amino protons which are 
involved in hydrogen bonding are shifted down field from those of the non-
hydrogen bonded amino protons. 
1 
1 
t 1 
* 1 
1 
1 
1 
• 1 
Η 
7 
93 
Conformational features of the hairpin fonaed by d(ATCCTA-TTTT-TAGGAT). 
In earlier studies [10,12] we have found that the stability of DNA 
hairpin loops as a function of loop size is at its maximum for hairpin 
molecules with four or five residues (i.e., thymidines) in the loop. This is 
in contrast to RNA hairpins for which an optimal stability is found for six 
or seven nucleotides in the loop [20,21]. To provide a structural explanati­
on for this behavior, we have recently advocated that the loop folding in 
hairpin structures is guided by the propagation of the base stacking pattern 
of the stem into the loop (Chapter 5). Then the "natural" way to fold a loop 
in B-DNA hairpins is to extend the stacking of the nucleotides at the S'-end 
of the duplex stem. The hexadecanucleotide d(ATCCTA-TTTT-TAGGAT) has been 
subjected to conformational studies in order to uncover whether this 
mechanism is operative in this molecule. 
It is well established that the conformational characteristics of the 
sugar moiety may serve to expose the structural genus of the nucleic acid 
molecule under study, i.e., more generally, whether it has A- or B-type 
structure. Giving enough J-coupling constants between the proton spins on 
the sugar ring a detailed conformational analysis of the sugar ring is 
possible [21]. For the hexadecanucleotide sufficient accurate data for such 
an analysis are not available. However, in COSY spectra cross peaks between 
H2" and H3' are lacking for all sugars, which indicates that the J-coupling 
between these protons is small (about 1 Hz). In addition the sum of the J-
couplings, i.e., ^112' + ^ І ^ " * 13.6 Hz for all nucleotides except the 
terminal ones. This is characteristic of a predominantly S-type sugar 
conformation which is representative of B-type folding of the DNA fragment 
[23]. This conclusion is augmented by the observation that in 2D NOE spectra 
only an intra-nucleotide cross peak between H6/H8 and H2 1 and not between 
H6/H8 and H2" is observed at short mixing times (75 ms). Therefore we may 
conclude that the double helical stem has a B-type structure which is 
propagated into the loop region. 
A more detailed picture is obtained if we incorporate the results of 
the preceding section. There it was shown that the stacking of the bases in 
the stem is extended in the 3'-direction into the loop involving LI and L2 
and possibly L3. The fourth thymidine L4 stacks on top of T6 and favors the 
formation of a T-T pair. 
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Fig. 10. Structure obtained after energy minimization; use was made of the 
AMBER program developed by Kollman and collaborators [24,25]. Note that 
after energy minimization the stacking pattern of the double helical stem is 
extended into the loop structure in the 3'-direction. The first two bases in 
the loop, LI and 12, stack in a more or less B-type helical fashion; the 
third base L3 is partly stacked on L2 and partly on L4. Base L4 is turned 
inward into the loop thereby forming a T-T base pair with LI, as exhibited 
in Fig. 7. The T-T base pair in the simulated structure is somewhat buckled. 
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In order to check whether this base overlap is energetically feasible 
performed a series of molecular mechanics calculations. In the hairpin 
structure, used to start the calculations, the bases LI and L2 were placed 
on top of a regular B-DNA stem so that the stacking pattern of the double 
helical stem was extended in the 3'-direction as prescribed by our folding 
principle [13]. The dinucleotide formed by L3 and L4 was docked into the 
remaining gap between L2 and T6. The torsion angles γ and β of L4 were 
constrained to a trans conformation (see preceding section). After an 'all 
• 2.0 
2.5 • 
3.0 
5.5 PP™ 
Fig. 11. Part of the 500 MHz 1H NMR NOESY spectrum (ω1 = 1.5 to 3.2, ω 2 = 
5.3 to 6.4 ppm) exhibiting connectivities between HI' and Ні нг" resonan­
ces. The connectivity indicated by an arrow is the exceptional cross peak 
between the methyl resonance of base L4 and the HI' resonance of base L3 
(see text). Cross peaks in the left box are part of the experimental NOESY 
spectrum, cross peaks in the right box are part of a theoretical NOESY 
spectrum simulated on the basis of the energy minimized structure presented 
in Fig. 10. 
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atom' energy minimization the structure sketched in Fig. 10 is obtained. It 
is clear that the base stacking scheme derived from the NMR data is also 
found after the minimization procedure. The bases LI and L2 continue to 
stack upon the double helical stem in a B-type fashion. Base L3 is partly 
stacked upon L2 and partly on L4; the latter base is turned inward to form a 
T-T pair with LI. This base pair formation nicely reproduces the NMR 
results. Generally, the structure of the loop (Fig. 10) is rather tight; all 
bases are turned inward. This is in good agreement with the observation that 
the exchange of the imino protons is considerably slowed down with respect 
to the exchange of imino protons of free thymidines. That the loop thymidi­
nes are turned inward also follows from binding experiments between d(AAAA) 
and the hexadecanucleotide [10]. Even at NMR concentrations and low 
temperature no evidence of binding between these molecules can be obtained. 
Only after the loop has been extended to 6 thymidines complex formation 
becomes readily observable. 
In order to allow a further comparison between the simulated structure 
in Fig. 10 and the NMR results, coordinates derived from the energy 
minimized structure were used to predict a 2D NOE spectrum for the hexadeca­
nucleotide, using the program NOESIM (Chapter 7). Part of the results of 
this calculation (i.e., the spectral region ω^ = 1.5 to 3.2 ppm and ¡¿2 = 5.A 
to 6.4 ppm) is presented in Fig. 11 together with the experimental results. 
Scrutiny of the two spectra shows that the cross peaks are reproduced by the 
theoretical calculation, albeit a perfect match of the intensities has not 
yet been obtained. The prediction of a cross peak at ω^ = 1.84, Ш2 = 5.88 
ppm, which arises from the close proximity of the methyl group of L4 and the 
HI' sugar proton of L3, is particularly interesting. As was mentioned above, 
in the experimental spectrum a cross peak is observed for this set of proton 
spins and apparently the energy minimized structure also neatly reproduces 
this aspect of loop folding. 
Multi-confonnational analysis 
After the results described in the previous sections of this chapter 
were published [29] the methods described in Chapter 7 were developed. 
There, it is demonstrated how the available J-couplings and NOE cross peak 
intensities can be used to derive conformations which satisfy the 
experimental constraints. In the approach used there, the conformational 
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space of the sugar moieties, the mono-nucleotide and the dinucleotide-units 
is sampled successively and tested against constraints obtained from the 
NMR-experiments. Here this type of multi-conformational analysis is applied 
to the third and fourth residue of the -TTTT- loop [30]. The conformational 
space of this dinucleotide unit is characterized by the following parame­
ters: the pseudorotational phase angles P(L3) and P(LA), the pucker 
amplitudes ф
т
(ЬЗ) and ф
т
(ЬА), the glycosidic torsion angles x(L3) and x(L4) 
and the backbone torsion angles z(L3), ζ(ΐ,3), a(LA), ß(L4) and Y ( L 4 ) . In 
order to define the allowed regions of these torsion angles more quantitati-
vely, the experimental NMR parameters were examined. To this end, the sugar 
conformations of these two residues are investigated with the program MARC 
(see Chapter 7) using the J-couplings J1'2' and Jl'Z" derived from the ID-
spectrum and the sums of the couplings of the HI' and H2", derived from the 
DQF-COSY spectrum. The results of this analysis are collected in Table II. 
The values of the glycosidic torsion angle χ follow from the analysis of the 
intensity of the NOE cross peaks between the H6 resonance on the one hand 
and HI', H2 1, H2" and НЗ' resonances on the other hand. (Table II). Because 
the torsion angles γ and β are both biased to an almost pure (trans) 
conformation, coupling constants in conjunction with the torsion angle 
dependence, plotted in Fig. 5, are used to derive these torsion angles 
quantitatively. An uncertainty of 1 Hz in the estimated coupling constants 
is assumed. It follows from ·14'5' =2.6 Hz and ^ ' s " = 10.3 Hz that the 
torsion angle γ is between 170° and 189° (cf. Fig. 5). Similarly it follows 
from J5t.p = 3.1 and J51P < 6 Hz that β is between 180° and 197°. The torsion 
angle e is also derived with the aid of the plot in Fig. 5. The value of 
J31P = б Hz follows from the fine structure of the 2 ,-3 l cross peak in the 
DQF-COSY spectrum. This value of ^з'р corresponds to three domains: 122°-
130°, т 0 - ^ 0 and 271<,-285<'. The values of the torsion angles around the 
phosphorous atom, α and ζ, cannot be derived from J-couplings, but in this 
case the chemical shift of the phosphorus resonance is informative. A 
downfield shift of the 31P-resonance is usually associated with a change of 
one of the torsion angles α or ζ, from a gauche to a trans conformation 
[27]. The phosphorus spectrum of the hairpin shows that all -"P-resonances 
fall within a narrow region of 1 ppm [28]. Therefore it is concluded that α 
and ζ are in a gauche and/or gauche" conformation. At this point of the 
analysis we have obtained ranges of the torsion angles which can be used as 
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an input for the multi-conformational analysis of the dinucleotide unit 
(program HELIX). The distance constraints were obtained as follows: the 
intensity of the unusual cross peak between L3H1' and LACH3 was fitted with 
the aid of the NOEFIT program which yielded a distance of 3.A A between 
these protons. This distance is constrained in the HELIX program between 3.1 
and 3.9 λ. No cross peaks are observed between the H6 resonance of L4 and 
the HI' and H2" resonances of L3 . Also in the NOESY spectra obtained for 
this molecule at different mixing times (75 ms - 700 ms) and ionic strengths 
(0.1 M, 0.2 M and 1 M NaCl respectively) these cross peaks were absent. 
Therefore it can be assumed safely that the distance between these protons 
is larger than 4 Â. The remaining inter-residue distances were constrained 
between 1.8 and 30 Â in order to prevent the occurrence of conformations in 
which severe steric hindrance occurs. 
On the basis of these data a multi-conformational analysis was carried 
out, using the program HELIX [30]. Table II summarizes the values of the 
torsion angles for which models were constructed. In this way 72900 
conformations were calculated for this dinucleotide unit and tested against 
the distance constraints. It appeared that only a minor part, i.e., 160 
conformations, satisfy the constraints. Correlation plots for some of the 
internal parameters can be examined in Fig. 12. The dots in the correlation 
plots correspond to the aforementioned 160 conformations. It follows that 
the torsion angles α and ζ are both found predominantly in a gauche 
conformation (cf. Fig. 12A). Conformations are found with e as well as e~. 
When e adopts a trans conformation only values for β = 197 occur (cf. Fig. 
12C). 
At this stage, we conclude that the multi-conformational analysis of 
this dinucleotide unit reveals that the phosphate backbone can be described 
by two conformations either ct-C+-a+-ßt-Yt (I) or ε"-ζ+-α+-βί-γ1: (II). We 
shall refer to these conformations as turn I and II respectively. Both 
combinations of backbone angles enable the backbone to make a complete turn 
in the direction of propagation (see Chapter 3). Turn I is in accordance 
with the model presented in Fig. 10. In this model the three thymidines Ll-
L3 follow more or less the stacking pattern of the double helical stem. 
After the third loop nucleotide the turn is made by means of the torsion 
angle combination I. This results in an orientation of the fourth loop 
thymidine which enables on the one hand the formation of a wobble T-T pair 
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Table II. Results of the quantitative analysis of the NMR and derived 
structural parameters of the dinucleotide unit L3-LA, which is part of the 
loop section of the hairpin formed by d(ATCCTA-TTTT-TAGGAT). 
IIA. Estimated coupling constants, ^ і ^ 1 a nd J\,2"> an<^ sums of cou­
plings, 12' and Σ2" defined as 12' = Ji>2' + ¿г'З' + Мг'г"! a n d 5:2" = 
Jiin" + Jo"?1 + I J?'2"I These data were used to derive the phase angle of 
pseudorotation. Ρ, and the pucker amplitude, ф
т
, with the aid of the MARC 
program. An experimental error of 0.2 Hz is assumed for the Ji'21 a n^ ^ І ^ " 
couplings and 1 Hz for 12' and Σ2". It followed that the molar fraction of 
the S-type sugar conformations is between 90 and 100 %. The backbone torsion 
angle δ, which is related to the sugar conformations was also calculated. 
residue 
L3 
LA 
лгг' 
9.1 
10.2 
л'г" 
5.3 
5.1 
Σ2' 
27 
29 
12" 
22 
22 
Ρ 
166-19A 
157-171 
Фт 
AI-АЗ 
39-А2 
δ 
113-166 
122-143 
IIB. NOE values obtained from cross peak intensities of connectivities 
between the H6 resonance and the HI', H2 1, H2" and H31 resonances. The 
calculations were carried out for a NOESY spectrum recorded with a mixing 
time of 0.3 s. The rotational correlation time of the molecule was assumed 
to be 2 ns. The glycosidic torsion angle, χ, was subsequently determined 
from the NOEs using the program NOESIM. 
L3 
LA 
Нб-НІ' 
0.016 
0.027 
нб-нг' 
0.089 
O.IAA 
NOE 
H6-H2" 
0.027 
0.058 
H6-H31 
0.037 
Χ 
235-2A0 
258-260 
100 
H C . Inter-nucleotide ^Η-^Η distances calculated from NOE intensities 
by means of the program NOEFIT; conditions were as indicated in IIB. 
NOE d(Â) HELIX constraints (Â) 
ЬЗНГ'-ЬАСНз 0.025 3.4 3.1-3.9 
L3Hr-L4H6 - 4.0-30.0 
L3H2"-L4H6 - 4.0-30.0 
ΙΠ). Sampling values of the torsion angles used in the program HELIX to 
explore the conformational space of the L3-L4 dinucleotide together with the 
allowed angles (results) following from this analysis and corresponding with 
turn I (see text); the angles are given in degrees. 
torsion angle sampling(0) results(0) 
X(L3) 
P(L3) 
fa? 
P(L4) 
Ф
т
(Ь4) 
e 
238 
171,180,189 
42 
259 
162,171 
40 
122,130,192, 
198,271,285 
30,45,60,75, 
90,105,120,135, 
225,240,255, 
285,300,315, 
30,45,60,75, 
,270, 
330 
90,105,120,135, 
225,240,255, 
285,300,315, 
180,190,197 
170,180,189 
270, 
330 
238 
171,180,189 
42 
259 
171 
40 
192,198 
30,135 
60,75,90,105,120 
197 
170,180 
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with the first loop thymidine and on the other hand the stacking upon the 
base in the 5'-end position of the stem. For the conformations, which were 
found to fit the distance constraints, the helical rise was calculated and 
plotted as a function of ε (Fig. 12D). The results are striking: all 
conformations which satisfy the constraints with ε ί have a helical rise of 
О 
Ю 
Ю 
О 
Г-· 
CN 
О 
00 
О 
σι 
90 180 270 360 0 90 180 270 360 
см 
ι ; 
ι ' 
ω 
ι ; 
CO 
rise 
D 
ι 
I 
e 
180 270 360 0 90 180 270 360 
Fig. 12. Results of the multi-conformational analysis of the dinucleotide 
unit formed by the third and fourth loop residues. The dots in the plots 
correspond to conformations, which satisfy the constraints. Only the most 
informative correlations are shown, i.e., α-ζ (A), ζ-e (Β), ε-β (С) and ε-
helical rise (D). 
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about 7 Â, twice that of the helical rise of standard B-DNA. This illustra-
tes that this turn allows L2 to stack between LI and L3. The conformations 
with e" may be at variance with the model presented in Fig. 10, especially 
for those conformations with a helical rise around 4 Â. The loop structure, 
that may satisfy this situation corresponds to a model similar to that 
derived for the hairpin formed by d(ATCCTA-TTTA-TAGGAT) (see Chapter 7). In 
this hairpin the turn in the sugar phosphate backbone is also localized 
between the third and fourth residue in the loop and is described by 
combination II of backbone torsion angles. The major difference in the 
folding of both models is the position of the second loop residue: whereas 
in the first model the thymine is stacked between its neighboring bases LI 
and L3, it is bulged out and folded into the minor groove in the second one. 
A similar model, i.e., with the second loop residue folded into the minor 
groove, was constructed for the -TTTT- hairpin, with the aid of model 
building and molecular mechanics calculations and shows the plausibility of 
such a loop structure. It is noticed, that almost all cross peaks which 
would be typical for this model would coincide with other cross peaks, e.g., 
the unusual cross peak between L1H1' and LZHZ' expected for the turn II 
model (see Chapter 7) cannot be observed, because at its predicted position 
the cross peak between LZHl' and L2H2' is present. However, it has been 
noted before that a NOE can be observed between the two methyl protons of 
residue L2 and L3. This NOE is expected for the first loop structure (turn 
I) and cannot be explained by the second one (turn II). In the latter, the 
corresponding bases point in different directions and the distance between 
the methyls is around 9 Â. This particular cross peak is a strong argument 
in favor of the first model. It should be noted, that the second model 
cannot be ruled out completely because at longer mixing times a tiny cross 
peak is found between L3CH3 and L1H6. The occurrence of such a cross peak 
can be explained when a minor population is present with a conformation 
similar to that of the -TTTA- loop (Chapter 7). The major form, however, is 
described by the folding pattern illustrated in Fig. 10. Eight conformations 
which correspond to turn I and satisfy the distance constraints are 
superimposed in Fig. 13. This illustrates that these conformations are very 
similar. The root mean square difference of the eight conformations was 0.3 
Â. To make the analysis complete. Table II summarizes the torsion angles 
which correspond to conformation I. 
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Fig. 13. Superposition of the structures obtained by means of a multi-
conformational analysis performed for the dinucleotide step L3-L4 of the 
loop region of the hairpin formed by d(ATCCTA-TTTT-TAGGAT). The similarity 
of the conformations indicate that this part of the loop structure is well 
defined by the experimental data. The particular combination of backbone 
torsion angles induces a 180° turn in the sugar-phosphate backbone. This is 
illustrated by the two arrows drawn along the direction of the 04'-CI1 
bonds, which point in opposite directions. The bases are = 7 Â apart from 
each other, so that L3 can partly stack on L2 (see Fig. 10). 
CONCLUSION 
The structural features of the hairpin formed by d(ATCCTA-TTTT-TAGGAT) 
obtained from the 2D-NMR experiments are in good agreement with the 
principles of loop folding described earlier [11,12] and in Chapter 5. The 
stacking pattern of the B-type stem is extended into the loop at the S'-end 
of the stem. All sugars, including these in the loop adopt an S-type 
conformation. A 180° turn of the phosphate backbone is localized between the 
third and fourth loop nucleotide and could be characterized by means of a 
multi-conformational analysis. The turn can be described by the following 
torsion angles €t, ζ+, α +, |ît and уь. The formation of the T-T pair in the 
loop is interpreted as a local optimization of the hairpin structure within 
the conformational space delineated by our loop folding principle. 
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CHAPTER 5 
CONFORMATIONAL ASPECTS OF HAIRPIN LOOPS IN DNA OLIGONUCLEOTIDES. 
A MOLECULAR MODELLING STUDY. 
ABSTRACT 
In order to investigate the influence of the nucleotide composition and 
the sequence on the loop folding, a number of DNA hairpins were constructed 
with aid of molecular modelling in which the nucleotide sequence in the 
loop was varied systematically. The hairpin structures were refined with 
the software package AMBER. It appeared from these calculations that an 
additional base pair within the four-membered loop can be formed in the 
sequences d(ATCCTA-CTTG-TAGGAT) and d(ATCCTA-TTTA-TAGGAT), whereas in the 
hexadecanucleotides d(ATCCTA-GTTC-TAGGAT) and d(ATCCTA-ATTT-TAGGAT) such an 
additional base pair cannot be formed. The calculations are strongly related 
to a general loop folding principle, which states that the structure of the 
loop is dictated by the structure of the stem. It is demonstrated that the 
loop folding can be 'fine tuned' by means of local optimizations. Therefore 
it is predicted that hairpin structure and stability will depend on base 
sequence. 
INTRODUCTION 
Our studies [1-4] towards the structure, kinetics arid thermodynamics of 
DNA hairpins formed in solution by the homologous, (partly-) selfcomplemen-
tary DNA fragments d(ATCCTA-T
n
-TAGGAT), n=0-7, showed that the inherent 
stability of DNA hairpins is at its maximum when the loop of the hairpin 
comprises four or five nucleotides. This finding is at variance with earlier 
experiments [5] which indicated that in RNA hairpins loop lengths of six to 
seven residues are the most favorable. 
Both observations can be rationalized [6,7] on the basis of a struc­
tural model for the architecture of hairpin loops. This model is formulated 
as a 'folding principle' which states that the folding (i.e., structure) of 
hairpin loops is dictated by the stacking pattern of the bases in the double 
Haasnoot, С.A.G., Blommers, M.J.J. & Hilbers, C.W. (1987) Springer Series in 
Biophysics, 1: Structure, Dynamics and Function of biomolecules (Eds. 
A. Ehrenberg, R.Rigler, A. Gräslund & L. Nilsson), 212-216. 
Hilbers, C.W., Blommers, M.J.J., Haasnoot, С.A.G., van der Marel, G.A. & van 
Boom, J.H. (1987) Fresenius Ζ. Anal. Chem. 327, 70-71. 
Hilbers, C.W., Blommers, M.J.J., van de Ven, F.J.M., van Boom, J.H. & van 
der Marel, G.Α. (1990) Nucleosides and Nucleotides 9 (in press). 
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helical stem of the hairpin. For example the 'natural' way to form a loop on 
top of an A-RNA type duplex stem is characterized by extending the 5'-end of 
the duplex with five or six nucleotides arranged in a single helical A-type 
fashion; the remaining gap between the two ends is then easily bridged by 
one or two nucleotides (thereby forming a loop consisting of ca. 7 nucleoti­
des). This is illustrated in Fig. 1 where interstrand distances between the 
phosphates in an A-type and B-type double helix are plotted. In contrast, 
the loop on top of a B-type duplex stem is characterized by propagating the 
base stacking pattern at the З'-end of the double helical stem: extending 
the S'-end of the stem by two or three nucleotides arranged in a single 
helical B-type fashion leaves a gap that can be closed by one or two 
nucleotides (thereby forming a loop comprising ca. A nucleotides). Thus, in 
our model the above mentioned experimental differences in RNA vs. DNA 
hairpin stability are a consequence of the structural differences in the 
double helical stems of the corresponding hairpins (A-type vs. B-type): it 
is the base stacking pattern that allows for shorter 'optimum' loops in DNA 
when compared to RNA hairpins. 
In the case of RNA hairpin loops the validity of the above stated loop 
folding principle is demonstrated by the architecture of the anticodon loop 
in tRNA : crystallographic studies show that five bases stack in an A-type 
single helical way on top of the 5'-end of the anticodon stem, then the 
'turn' is made and two nucleotides complete the seven-membered anticodon 
loop (cf. Chapter 1, Fig. 12). 
DNA-hairpins are currently under investigation with aid of NMR 
spectroscopy. By far the most of our NMR data were obtained for d(ATCCTA-
TTTT-TAGGAT) (Chapter 4). 
MATERIAL AND METHODS 
DNA models were constructed using the computer program Chem-X [12]. 
Energy minimizations were performed with the molecular mechanics program 
AMBER (version 2.0) [13,14]. The united atom version of the Force Field was 
used with hydrated counter ions added to the system. 
RESULTS 
According to the results of 2D-NMR spectroscopy obtained for d(ATCCTA-
TTTT-TAGGAT^the B-type helical structure of the stem is propagated in the 
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Fig. 1. Distances between a phosphate and the phosphate atoms in the 
opposite strand in З'-З' and З'-З' direction in a regular A-RNA and B-DNA 
double helix. A short interstrand phosphate distance is reached after five 
or six residues when in A-RNA the helix in the loop propagates the A-type 
helical folding over the major groove (i.e., in S'-S' direction). In 
contrast a short interstrand distance is reached after two or three residues 
in B-DNA, when the helical pattern is propagated over de minor groove (in 
5'-3'-direction). The numbering of the phosphates is indicated above the 
curves. 
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3'-direction into the loop region. This extension involves LI, L2 and more 
or less L3 as indicated by the inter-residual base-sugar crosspeaks [8]. The 
fourth loop thymine L4 stacks on top of T6 and favors the formation of a T-T 
wobble base pair. Using computer graphics methods, we generated a number of 
models which are in accordance with these NMR results; all structures were 
required to have torsion angles in the range normally found in deoxyribonu-
cleotides. The models thus obtained were refined by molecular mechanics (MM) 
methods [9,10]. The lowest energy structure found is shown in Chapter A 
(Fig. 10); it is seen that this structure displays all characteristics 
prescribed by our loop folding principle (three bases stack in a B-type 
single helical fashion on top of the S'-end of the stem; one nucleotide 
completes the loop). Using the lowest energy structure as a basis for 2D-N0E 
simulation [11] yielded a good (albeit not perfect) quantitative accordance 
between the simulated and experimental 2D-N0E spectrum of d(ATCCTA-TTTT-
TAGGAT) [8]. Another conformational aspect of the lowest energy structure 
that finds experimental endorsement is the 'tightness' of the loop. 
Examination of the structure shows that all bases are more or less turned 
inward, i.e., towards the center of the loop. Moreover, the first and the 
last thymine base of the loop (LI and LA, respectively) form a buckled 
wobble pair in which the N3-H of LA is hydrogen-bonded to 04 of LA and N3-H 
of LA is hydrogen bonded to 02 of LI. As such, these features offer an 
explanation for the observed [1,3] retardation in the proton-exchange of 
the loop imino protons with the solvent; they also make the refusal [3] of 
the loop thymines to form a complex with d(AAAA) plausible. Taken together, 
we conclude that the data available at least prove the feasibility of the 
loop folding principle for DNA hairpins. 
It should be realized that our loop folding principle is to be regarded 
as an abstraction, i.e., it only provides a framework that is to be used as 
a basis for understanding nucleic acid hairpin formation. As always, 
generalizations of this kind are in reality modulated by the specific 
'needs' of the case under study; in other words, the bases in a specific 
hairpin will certainly try to optimize base stacking/pairing, evade highly 
localized strain situations, etc., within the conformational space set by 
our folding principle. Therefore, it is obvious that the details of the 
hairpin loop structure will depend on, e.g., base sequence in the loop 
and/or in the stem of the hairpin. Below this base sequence dependence is 
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explored using molecular mechanics (MM) in order to map the degrees of 
freedom left in our framework for hairpin loop formation. 
We performed a number of MM-calculations for DNA hairpins in which the 
base composition of the loop stretch was changed systematically. More 
specifically, so far we focussed primarily on changes affecting the 'wobble' 
pair formed by LI and L4 in the lowest energy structure described above for 
the DNA hairpin d(ATCCTA-TTTT-TAGGAT). With aid of computer graphics we 
replaced the loop -TTTT- sequence by a -CTTG- sequence. The MM refined 
structure obtained for the hairpin after molecular mechanics calculations, 
using the united atom Force Field version, is presented in Fig. 2A. 
According to the calculations, a base pair is formed between the С and G 
residue of the loop sequence. The most conspicuous characteristic of this C-
G base pair is the finding that it is not flat like a standard Watson-Crick 
base pair, but buckled, i.e., the base plane normals are not parallel but 
make an angle in the order of 30 e. As will be outlined in the Discussion 
section this suggests that an interchange of the two bases will not bring 
the bases in the proper position to form a base pair and indeed when we 
replaced the sequence -CTTG- by -GTTC- we could not find a low energy 
structure in which some kind of base pairing between the G and С bases 
occurred (Fig. 2B). Thus the molecular mechanics calculations suggest that 
in the case of the -CTTG- loop sequence a base pair within the four membered 
loop is formed, albeit that this base pair appears to be buckled. In the 
case of the -GTTC- loop sequence no base pair is formed within the loop. 
Similar results were obtained from molecular mechanics calculations in which 
the -TTTT- loop sequence was changed to a -TTTA- base sequence. In the case 
of the -TTTA- sequence a base pair between Τ and A in positions LI and L4 is 
formed. Close examination shows that the bases are somewhat twisted with 
respect to one another and, moreover, that the standard Watson-Crick N6-
H...04 hydrogen bond is not formed. Instead, the two adenine N6-H protons 
form hydrogen bonds to the 02-atoms of L2 and L3, respectively. The most 
conspicuous characteristic of this T-A pair, however, is the finding that 
again the base pair is not flat but buckled; moreover, neither one of the 
bases is perpendicular to the helix axis. 
For the -ATTT- loop sequence the molecular mechanics calculations 
produce similar results as those obtained for the -GTTC- loop sequence. The 
-ATTT- sequence was further probed by building a structure in which the A 
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Fig. 2. Energy minimized structures of the hairpins formed by d(ATCCTA-
CTTG-TAGGAT) (A), d(ATCCTA-GTTC-TAGGAT) (B), d(ATCCTA-TTTA-TAGGAT) (C) and 
d(ATCCTA-ATTT-TAGGAT) (D). Note that in case of the loop sequence -CTTG- and 
-TTTA- an additional base pair can be formed (A,C) whereas this does not 
occur for the -GTTC- and -ATTT- loop sequence (B,D). 
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and the Τ residues were forced to form a base pair while at the same time 
the sugar phosphate backbone was readjusted to accommodate the new situati­
on. This turns out to yield a high energy structure; when the constraints 
are removed and the molecule is subjected to an energy minimization the A-T 
pair is disrupted. Thus the molecular mechanics calculations strongly 
suggest that in the case of a -PyTTPu-1 loop sequence a base pair within the 
loop is formed, albeit that this base pair appears to be bent. In the case 
of a loop sequence -PuTTPy- no base pair is formed within the loop. 
DISCUSSION 
In the present chapter we extend our earlier studies [7-9] concerning 
the loop stacking pattern in DNA hairpins. To acquire more insight in the 
generality of the loop stacking pattern in DNA hairpins we have investigated 
the effects of the base composition of the loop on the structure of the 
hairpin. These studies were instigated by the observation that in the 
hairpin formed by d(ATCCTA-TTTT-TAGGAT) a T-T wobble pair can be formed [9] 
and by the results of Orbons et al. obtained for the mini hairpin formed by 
the octanucleotide d(C
m
GC
m
GTGC
m
G) [10] in which the cytidines are methylated 
at C5. Within the framework of our loop folding principle the loop formed in 
the latter hairpin may be considered as a four membered loop in which the 
fourth base in the loop G8 fills the gap left by the first three stacked 
loop bases and is then able to form a base pair with the first base, C
m
3, of 
the loop sequence. Preliminary molecular mechanics calculations [8] as well 
as the refined molecular mechanics calculations presented in this chapter 
predict that such a base pair is only formed for a -PyTTPu- sequence and not 
for a -PuTTPy- loop sequence. These predictions are neatly confirmed by UV 
melting studies and ^H-NMR spectroscopy [15] presented in Chapter 6, but 
these experiments do not allow us to conclude that the C-G base pair within 
the loop is not of a standard Watson-Crick type. However, if the base pair 
under consideration would be of the standard Watson-Crick type, it is hard 
to see why no base pair is formed when the purine and pyrimidine are 
interchanged. An explanation is suggested by the structural models derived 
from the molecular mechanics calculations. It was emphasized in the 
Results section that it follows from the molecular mechanics calculations 
1) Py = pyrimidine (C.T); Pu = purine (G,A) 
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that the base pair formed in the loop is buckled (Fig. 2). The reason for 
this can be gleaned from Fig. 3, where the hairpin formed by the hexadecanu-
cleotide d(ATCCTA-CTTG-TAGGAT) has been plotted in such a way that the 
double helix is viewed along the helix axis. As for a standard B-type helix 
the sugar CI' atoms fall on a circle. The distance between the CI' atoms 
amounts 10.7 Â. This is not so for the CI' atoms of the base pair in the 
loop. These carbon atoms have approached each other to a distance of 9.7 Â, 
Fig. 3. View along the helix axis of the hairpin loop structure presented 
in Fig. 2A. For clarity all base pairs have been omitted except the C-G base 
pair which is formed in the loop and which is viewed from the side of the 
stem. The sugar phosphate backbone in the loop is accentuated by thick lines 
and the 5'-3' direction is indicated by arrows. The dotted circle is the 
projection of the cylinder on which an ideal helix the phosphorus atoms are 
located; the dashed circle is the projection of the cylinder on which in an 
ideal helix the CI' atoms are located. The CI' atoms of base pair A-T(6) 
which are at a normal distance, are connected by a dashed-dotted line. Note 
that the CI' of the first residue in the loop, i.e., cytidine (LI), has 
moved away from the CI'-circle into the direction of the helix axis, 
indicated by the central dot. 
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which impairs the formation of a 'flat' normal Watson-Crick base pair. If 
in this situation a base pair is formed it will necessarily be buckled. 
Since the bend in the base pair is displaced from the dyad axis (cf. Fig. 
3), which can be defined with respect to the two CI' atoms, an asyrranetry is 
introduced so that inversion of the base pair no longer allows formation of 
hydrogen bonds and therefore of the base pair. This is demonstrated in Fig. 
4. It is of some interest to inquire why the CI' atoms of the buckled base 
pair have moved closer to each other than the corresponding atoms in 
standard B-type double helix. As has been pointed out earlier [6] the 
distance between the 3 1- and 5'-terminal phosphate of a double helix is 
normally about 17.4 к and, given the stacking pattern of the bases in the 
loop, it is not possible to span the distance by means of two nucleotides. 
Therefore, in order to accommodate the formation of a formal two-membered 
loop which connects these two terminal phosphates at least one of these 
phosphates should change its position and move towards the other. As has 
been mentioned above the CI' atom of LI and the CI' atom of L4 have moved 
towards each other in particular the CI' atom of LI has moved away from the 
CI' circle of the double helix (see Fig. 3) and is considerably closer to 
the helix axis, while the CI' atom of L4 remains at a normal position. The 
change in the position of the CI' atom of LI is brought about by gradual 
alterations of the backbone torsion angles between the sugar of residue A6 
and the sugar of residue LI. In turn the 3'-phosphate of LI has moved rather 
close to the helix axis. In this way the distance between this phosphate and 
the 5'-phosphate of L4 has diminished too; the latter phosphate remains in 
its normal position found in double helical B-DNA (Fig. 3). Thus, this set 
of changes permits formation of a loop consisting of two nucleotides, which 
is necessarily closed by a buckled base pair. As we shall see in Chapter 6 
this is not the only way in which a two-membered loop can be accommodated. 
At this point the results obtained can be summarized in the form of a more 
detailed loop folding principle as follows: the folding of a four-membered 
loop in a DNA hairpin with a B-type stem is achieved by extending the S'-end 
of the duplex with three nucleotides arranged in a single helical stacking 
pattern. The remaining gap between the ends can be bridged by one nucleotide 
which turns inward and may form a base pair with the (complementary) base in 
the first position of the loop. This is possible for the loop sequence-
CTTG- or -TTTA-, but not for the sequence -GTTC- or -ATTT-. 
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Fig. 4. Schematic representation of orientation of the first (left) and the 
fourth base (right) in the loop to bring out that for a -CTTG- sequence the 
bases are in a position to form a buckled base pair (A) whereas for the-
GTTC- sequence this is not possible. The underlying reason is that the 
cross section of planes through the bases no longer forms a pseudo-dyad axis 
of symmetry. 
It could be argued that in the first cases a loop comprising only two 
nucleotides is formed. We do not share this view since the pairing of the 
bases in these loops is not of the regular, non-buckled Watson-Crick type. 
Moreover, it appears that this kind of 'base pair' can only be formed in 
the case of a -PyTTPu- loop sequence. Therefore, we interpret the base 
pairing observed in the case of a -PyTTPu- loop sequence as a local 
optimization of the hairpin structure within the conformational space 
delineated by our loop folding principle. 
It is of interest to see how general this rule of loop folding appears 
and how the present results relate to data in the literature. A detailed 
structural comparison can be made between the loop structure described for 
the hexadecanucleotides described in the present and our earlier papers and 
the mini-hairpin formed by di^GC^GTGC^G) which was studied in Altona's 
laboratory [10]. The structure of the latter molecule was deduced on the 
basis of J-coupling analysis and NOE measurements. There is a great 
similarity between the stacking pattern of this mini-hairpin loop structure 
and those deduced for our hexadecanucleotides, i.e, the stacking is 
propagated from the B'-end of the stem into the loop. In the mini-hairpin 
closure of the loop is achieved by a sharp turn in the backbone which in our 
terminology allows the fourth base of the loop, i.e., G6 to turn inward and 
to form a base pair with Cra3. A sharp turn in the backbone is brought about 
116 
by the unusual values of torsion angles β and γ of G6 which adopt a gauche 
and trans conformation,respectively. At the corresponding position in the 
hexadecanucleotide d(ATCCTA-TTTT-TAGGAT), γ adopts a trans conformation as 
well but Ρ does not have a gauche conformation, but rather adopts a trans 
conformation as follows from the ^P-^-H couplings (Chapter A). This leads 
to an interesting difference between the hairpin loop structures. Model 
building and energy minimization shows that in the mini-hairpin the C
m
-G 
base pair in the loop is a regular Watson-Crick base pair, whereas in the 
model of the hairpin loop discussed in this chapter the corresponding base 
pair is significantly buckled. This led to the conclusion that in the -CTTG-
loop a base pair can be formed, but not in the -GTTC- loop. Conversely, it 
may be possible that in the mini-hairpin an interchange of the bases of the 
base pair in the loop does not lead to an disruption of this base pair. The 
underlying reason for the occurrence of a flat base pair in this loop may be 
found in the stacking pattern of the very small stem consisting of C-G pairs 
with methylated cytidines which could be different from that in the stem of 
the hexadecanucleotide hairpins. In the latter hairpins the loop is closed 
by an Α-T base pair. Closure of the loop by a G-C pair may thus lead to 
differences. Indeed this is suggested by a study of Kearns and collaborators 
which was concerned with the hairpin formed by d(CGCGCG-TTTT-CGCGCG) which 
also carries a loop of four thymidines [16]. It was found that the exchange 
of the thymidine imino protons in this hairpin is faster than for the 
hexadecanucleotide studied in our laboratory under the same conditions [3]. 
This suggests that the loop structure/stability may be influenced by the 
terminal base pair adjacent to the loop. 
The strongly related hairpin formed by d(CGCG-TTTT-CGCG) has been 
studied by Hare & Reid by means of 2D-NMR and Distance Geometry calculations 
[17]. Indeed the folding pattern in the loop differs (somewhat) from that in 
our hairpins, again suggesting that the stem composition may influence the 
loop structure, but to what extent remains to be established. Although the 
combined approach of 2D-NMR and distance geometry calculations is very 
promising for the elucidation of the detailed structure of nucleic acids, it 
is still in a developing stage. It is well known that some of the helix 
structures derived by means of the 2D-NMR distance geometry approach are 
underwound compared to those deduced by means of single crystal X-ray 
diffraction techniques [18]. In particular, for the hairpin at hand the 2D-
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NMR distance geometry method leads to structural parameters some of which 
are most unlikely from an energetic point of view and thus physically non-
realistic. However, as we have stated earlier the details of the hairpin 
loop structure are likely to depend on the composition of the base pair(s) 
adjacent to the loop. Thus the above formulation folding principle may need 
additional refinement to account for this phenomenon. 
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CHAPTER б 
EFFECTS OF THE BASE SEQUENCE ON THE LOOP FOLDING IN DNA HAIRPINS 
A NMR AND UV-MELTING STUDY 
ABSTRACT 
High-resolution NMR and UV-melting experiments have been used to study 
the hairpin formation of partly self-complementary DNA fragments in an 
attempt to derive rules that describe the folding in these molecules. 
Earlier experiments on the hexadecanucleotide d(ATCCTA-TTTT-TAGGAT) had 
indicated that within the loop of four thymidines a wobble T-T pair is 
formed (Chapter 4). In the present chapter it is shown that if the first and 
the last thymines of the intervening sequence are replaced by complementary 
bases sometimes base pairs can be formed. Thus, for the intervening 
sequences -CTTG- and -TTTA- with the pyrimidine in the 5'- and the purine in 
the 3'-position a base pair is formed leading to a loop consisting of two 
residues. For the intervening sequences -GTTC- and -ATTT- with the purine in 
the 5'- and the pyrimidine in the 3'-position this turns out not to be the 
case. It was found that it made no difference when the four-membered 
sequence was closed by a G-C base pair or an Α-T base pair. Replacement of 
the two central thymidine residues by the more bulky adenine residues limits 
the hairpin to a four-membered loop scheme. 
Very surprisingly, it was found from 2D NOE experiments that the T-A 
base pair, formed in the loop consisting of the -TTTA- sequence, is a 
Hoogsteen pair. It is argued that the pairing of the bases in this scheme 
may facilitate the formation of a loop of two residues, since the distance 
of the CI1 atoms in this base pair is 8.6 Â instead of 10.A A found in the 
canonical Watson-Crick base pair. Combination of the data obtained for the 
series of DNA fragments studied shows that the results can be explained by a 
simple, earlier proposed, loop folding principle which assumes that the 
folding of the four-membered loop is dictated by the stacking of the double-
helical stem of the hairpin. 
INTRODUCTION 
Extensive structural studies performed during the past decade [1,2] 
have demonstrated that the conformations which can be adopted by nucleic 
acids are much more varied, complicated, and interesting than the regular 
double helix originally envisioned. It is often believed that the conforma-
tional space available to nucleic acids will somehow be important in 
cellular processes, and therefore attempts have been made to explain the 
Blommers, M.J.J., Walters, J.A.L.I., Haasnoot, С.A.G., van der Marel, G.A., 
van Boom, J.H. & Hilbers, C.W. (1988) Biochemistry 28, 7491-7498. 
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conformational behavior on the basis of nucleotide sequences. Among the 
polymorphic conformations, hairpin loop structures play a special role, 
particularly in RNA molecules although it has been found for DNA that 
sequences capable of hairpin formation are frequently occurring near 
regulation and promotion sites. 
We have found that the homologous partly self-complementary DNA 
fragments d(ATCCTA-Tn-TAGGAT) (in which η varies from 0 through 7) form 
hairpins of which the stability is at a maximum when the loop of the hairpin 
comprises four or five nucleotides [3,4]. This was in contrast to earlier 
studies of RNA hairpins for which optimal stability was found when there are 
six to seven nucleotides in the loop [5,6]. This difference in RNA vs. DNA 
behavior was rationalized [7,8] in terms of structural models for the 
architecture of RNA and DNA hairpin loops. These models yield [8] a simple 
framework in which the folding (i.e., structure) of the loop is dictated by 
the stacking of the bases in the double-helical stem of the hairpin: it is 
the base stacking pattern that allows for shorter 'optimum' loops in B-DNA 
when compared to A-RNA. 
For DNA hairpins our loop folding principle states [7,8] a continued 
stacking of nucleotides in the loop section on top of the З'-end of the 
B-type double-helical stem. The model predicts an optimum loop length of ca. 
four nucleotides. Notwithstanding its success in explaining the data 
available at that time, it was predicted [8,9], however, that the details of 
the hairpin loop folding will depend on je.g., base sequence in the loop and 
perhaps even on the base sequence in the stem. Since then, Orbons et al. 
[10,11] discovered that the octanucleotide d(C
m
GC
nlGTGCmG), in which the 
cytidines are methylated at C5, is able to fold into a 'mini-hairpin' 
structure in which the central -GT- part forms a loop consisting of only two 
nucleotides. At the same time it was assessed in our laboratory [12,13] that 
the two terminal thymidines of the central four-membered T-stretch in the 
hairpin formed by d(ATCCTA-TTTT-TAGGAT) are involved in T-T wobble pairing. 
The base stacking pattern in the loops of these two hairpins is very similar 
and fulfills the basic criterion in the loop folding model (i.e., propagati­
on of the stack from the З'-end of the stem into the loop). Therefore, these 
findings can be interpreted [9] in terms of a local optimization of the 
hairpin structure within the conformational space delineated by our loop 
folding principle. 
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In the present chapter we extend our investigations to obtain more 
insight regarding the loop architecture of DNA hairpins. In particular, we 
put to the test the prediction made in Chapter 5 on the basis of molecular 
mechanics calculations [9] that -PyTTPu- loop sequences can enhance the 
hairpin stability by base pairing within the loop whereas -PuTTPy- loop 
sequences cannot. 
MATERIALS AND METHODS 
The DNA fragments employed in the present study were synthesized 
according to the phosphate triester method [14]. Samples for ultraviolet 
melting studies and •'•H NMR spectroscopy were prepared by dissolving the 
oligonucleotides in a 5 mM sodium phosphate buffer with 1 mM sodium 
cacodylate, 0.1 mM EDTA, pH = 7.0; NaCl was added to attain the desired 
sodium ion concentration. For samples used for NMR spectroscopy the pH was 
adjusted to 6.0 in order to diminish proton exchange between the oligonucle­
otide and water. 
UV-melting experiments were carried out at 260 nm on a Cary 118C 
spectrophotometer, using a constant temperature cell (Hellma). The tempera­
ture was controlled by circulating water from a cryothermostat (Mettler, 
WKS) first through a thermostatted cell holder and then through the cell. 
The heating rate was 1 °C/min. In our earlier studies [7,15] transition 
enthalpies were calculated from the differential melting curves, according 
to Gralla and Crothers [16]. In the present study we fitted the absorbance 
vs. temperature curves with a nonlinear least-squares program, using ΔΗ, AS, 
EJJ Q, E Q Q, dEjj/dT and dEç/dT as adjustable parameters. ΔΗ denotes the 
transition enthalpy and AS is the transition entropy. EJJ g stands for the 
absorption of the helix structure at 0 "C , Eç g i·3 the absorption of the 
coil structure at 0 "C, dEg/dT and dEç/dT denotes the linear temperature 
dependency of the absorption of the helix structure and the coil structure, 
respectively. In all cases excellent fits to the experimental data were 
obtained. The thermodynamic data derived in this manner are more accurate 
and more reproducible than those derived by the earlier method. The 
concentration of the samples used in the NMR as well as in the UV-melting 
experiments is given in the legends to the figures. 
500 MHz and 600 MHz 1H-NMR ID- and 2D-spectra were recorded on Bruker 
AM-500 and AM-600 spectrometers, respectively, which were interfaced to an 
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Aspect 3000 computer. Water suppression techniques, applied to enable 
observation of imino proton resonances, were as described earlier [17]. The 
relative intensities of the imino proton resonances were determined by 
integration; the estimated accuracy is 20 % for the individual resonances. 
Only for the spectrum of d(ATCCTA-ATTT-TAGGAT) the accuracy was somewhat 
less, due to overlapping of some resonances. 
Phase-sensitive 600 MHz NOESY spectra of the DnO samples were recorded 
with a spectral width of 6000 Hz, using time proportional phase incrementa­
tion [18]. Two different spectra were acquired, with 4K points in the t2-
and 512 points, zero-filled to IK points in the t^-direction, with mixing 
times of 0.3 and 0.075 s, respectively. Phase-sensitive 600 MHz NOESY 
spectra of the ^O-samples were recorded using a time-shared long pulse as 
observation pulse [17]. The spectral width was 23800 Hz. The carrier was 
placed at the low field end of the spectrum. The spectrum was acquired, with 
AK points in the t2- and 512 points zero-filled to IK points in the 
t^-direction, with a mixing time of 0.3 s. Before Fourier transformation 
each free induction decay was subjected to data shift accumulation treat­
ment. 
RESULTS 
The choice of the oligonucleotides, studied in the UV-melting and ^H 
NMR experiments presented below, was strongly guided by the outcome of 
earlier molecular mechanics calculations presented in Chapter 5 [9]. These 
modelling studies suggested that in the hairpin with -PyTTPu- loop sequences 
the terminal Py/Pu bases might be involved in base pairing. In contrast, in 
a hairpin loop with a -PuTTPy- sequence no low energy structure displaying 
the same feature could be found. Such a proposition can be checked by 
studying the imino proton spectrum of the hairpins considered [13]. The 
imino proton NMR spectra of d(ATCCTA-CTTG-TAGGAT) and d(ATCCTA-GTTC-TAGGAT) 
recorded in the presence of 5 mM NaCl are shown in Figs. 1A and IB, 
respectively. The assignments of the resonances given in this figure are 
based on a comparison of the spectra with that of d(ATCCTA-TTTT-TAGGAT), [3] 
(cf. Fig. ЗА) supplemented by one-dimensional Overhauser experiments and 
NMR-melting studies. In contrast to other chapters the numbering of the 
residues is counted from 1 to 16, as has been indicated in Fig. 5. Apart 
from the resonances around 11.0 ppm, which originate from the unpaired 
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Fig. 1. 500 MHz imino proton spectra of the hairpins d(ATCCTA-CTTG-TAGGAT) 
(A) and d(ATCCTA-GTTC-TAGGAT) (B) at 5 mM NaCl. The imino proton resonances 
between 15 and 12 ppm belong to base pairs, those upfield from 11 ppm to 
unpaired residues in the loop region. The spectra were recorded at 274 K;the 
total strand concentration amounted to 1 mM DNA. The numbering of the 
resonances corresponds with the base numbering given in Fig. 5. After 
adjusting the salt concentration to 200 mM NaCl, spectrum (B) changes in a 
mixed hairpin/dimer spectrum (C). The resonances originating from dimer 
species are indicated with an open dot. 
residues in the loop, the integrated peak intensities in spectrum A account 
for seven resonances , whereas in the spectrum В six resonances are found 
(Fig. 1). In agreement with UV-melting experiments (at NMR concentrations 
and at 0.2 M NaCl; to be discussed below) we observe for d(ATCCTA-GTTC-TAG-
GAT), the less stable hairpin, a mixture of hairpin and dimeric molecules 
when the ionic strength is raised (Fig. 1С). The extra resonances in that 
figure, which arise from the dimeric structure, are indicated with open 
dots. No such salt dependent or concentration dependent changes are observed 
for the more stable hairpin d(ATCCTA-CTTG-TAGGAT). Our experiments show that 
seven base pairs are present in the hairpin formed by d(ATCCTA-CTTG-TAGGAT), 
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i.e., a loop consisting of only two nucleotides is apparent. On the other 
hand, the results also indicate that for the sequence d(ATCCTA-GTTC-TAGGAT) 
a loop of four residues is formed or that the stability or lifetime of the 
conceivable seventh G-C base pair is too small or too short, respectively, 
so that the corresponding imino proton resonance is not observed in the NMR 
spectrum. Of course, extra base pairing in the hairpin loop formed by 
d(ATCCTA-CTTG-TAGGAT) is expected to contribute to the overall stability of 
the folded form. UV-melting experiments were performed to investigate this 
aspect. 
• • • • • • ι ι ι 
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Fig. 2. Differential UV-melting profiles measured for the hexadecanucleoti-
des d(ATCCTA-CTTG-TAGGAT) and d(ATCCTA-GTTC-TAGGAT) (200 mM NaCl). In the 
upper drawing the melting of d(ATCCTA-CTTG-TAGGAT) (curve B) is compared 
with the melting of d(ATCCTA-GTTC-TAGGAT) (curve A) at a total strand 
concentration of 3 μΜ. In the lower drawing the same comparison is made for 
1 mM total strand concentration (NMR concentration). At both conditions the 
hairpins formed by d(ATCCTA-CTTG-TAGGAT) (curves В and D) are more stable 
than the hairpins formed by d(ATCCTA-GTTC-TAGGAT) (curves A and C). Note 
that for the latter fragment an extra transition, which is attributed to the 
melting of a dimeric species, appears at high concentration (curve C). 
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In Fig. 2 differential melting curves are presented for d(ATCCTA-
CTTG-TAGGAT) (curve B) and for d(ATCCTA-GTTC-TAGGAT) (curve A) in the 
presence of 200 m NaCl. The enhanced stability of d(ATCCTA-CTTG-TAGGAT) in 
comparison with that of d(ATCCTA-GTTC-TAGGAT) is obvious from the observed 
melting temperatures being 62 "C and 53 "C, respectively. These melting 
temperatures are independent of the oligomer concentration (vide infra) 
demonstrating that only mono-molecular transitions are involved. The 
corresponding ΔΗ values are A6 and 38 kcal/mol, respectively. The difference 
of 8 kcal/mol between these two values is in reasonable agreement with the 
value expected for the stacking enthalpy of an extra C-G base pair on top of 
an Α-T base pair [19]. Since the concentration of the oligonucleotides, used 
in the UV-melting experiments, is much lower than we used in NMR experiments 
(3 μΜ vs. 1 mM) we also investigated the UV-melting behavior at a much 
higher oligonucleotide concentration. The results are given in Fig. 2, where 
differential melting curves are presented for d(ATCCTA-CTTG-TAGGAT) (curve 
D) and d(ATCCTA-GTTC-TAGGAT) (curve C) at 1 mM concentration. It is clear 
that for d(ATCCTA-CTTG-TAGGAT) the melting temperature is the same as at the 
low concentration (curve B) showing that also under 'NMR conditions' hairpin 
molecules are present. For d(ATCCTA-GTTC-TAGGAT) two transitions are 
observed of which one corresponds to that of curve A, indicating that this 
is the hairpin-to-coil transition. The transition occurring around 28 "C is 
concentration dependent, which shows that in this transition a duplex with 
an internal loop is melting out. These results correlate perfectly with the 
number of resonances in the NMR spectra obtained at similar conditions (cf. 
Fig. 1С). 
For the analogous molecules d(ATCCTA-TTTA-TAGGAT) and d(ATCCTA-ATTT--
TAGGAT) similar experiments were performed. Again for the former molecule 
seven imino proton resonances were found (see Fig. 3), where the imino 
proton spectrum is compared with that recorded for d(ATCCTA-TTTT-TAGGAT) 
showing six imino proton resonances at low field. The optical melting 
experiments were conducted for solutions with 3 μΜ DNA and 200 mM NaCl. In 
analogy with the results discussed above, we find a higher melting tempera­
ture for the d(ATCCTA-TTTA-TAGGAT) sequence, i.e., 57 "С, than for the 
d(ATCCTA-ATTT-TAGGAT) sequence , i.e., 50 "C. The corresponding ΔΗ values 
are 45 and 39 kcal/mol, respectively. Again in analogy with the first two 
hexadecanucleotides, we find that only for d(ATCCTA-ATTT-TAGGAT) a dimeric 
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species is formed at high oligomer and/or high salt concentrations. The 
results are summarized in Table I. 
We have also considered the influence of the base pair sequence in the 
common stem region of the molecules. To this end three hexadecanucleotides 
were synthesized with the sequence d(ATTACG-XTTY-CGTAAT), in which the 
sequence of the intervening residues was -TTTT-, -CTTG- and -GTTC- respecti­
vely. Again the same trends were observed as for the series of partly self-
complementary molecules discussed above. This is demonstrated in Fig. h 
where the imino proton spectra of the hairpins formed by d(ATTACG-XTTY-
-CGTAAT) are shown. For the intervening sequence -CTTG- an extra imino 
proton resonance is observed at 12.9 ppm, demonstrating the formation of a 
GuGvt 
ι I ' 
14.0 13.0 12.0 
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• • ι • ' 
11.0 
• • • ' I 
Fig. 3. 500 MHz imino proton spectra of the hairpins formed by d(ATCCTA— 
TTTT-TAGGAT) (A) and d(ATCCTA-TTTA-TAGGAT) (B) at 200 mM NaCl. The imino 
proton resonances between 15 and 12 ppm belong to base pairs, those upfield 
from 11 ppm to unpaired thymidines in the loop region. The spectra were 
recorded at 283 and 298 K, respectively; the total strand concentration 
amounts to 1 mM DNA. The numbering of the resonances corresponds with that 
in Fig. 5. 
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seventh base pair in the stem. This is not found for the intervening 
sequence -GTTC- but it is noted that a broad resonance is visible at 11.5 
ppm for the unpaired (or partially paired) G residue. Also the difference in 
stability of these hairpins was as expected, i.e., the stability of the 
hairpin with the -CTTG- sequence was significantly higher than that of the 
other two hairpins (see Table I). 
ι ι ι r^^^^^ ι ι ι ι ι ι ι r^^^^^^^^^r^^ 
14.0 13.0 12.0 
PPM 
11.0 
Fig. Д. 500 MHz imino proton spectra of the hairpins formed by d(ATTACG--
CTTG-CGTAAT) (A), diATTACG-GTTC-CGTAAT) (В) and d(ATTACG-TTTT-CGTAAT) (C) at 
5 mM NaCl. The imino proton resonances between 15 and 12 ppm belong to base 
pairs, those upfield from 11 ppm to unpaired thymidines in the loop region. 
The spectra were recorded at 298 K; the total strand concentration amounts 1 
mM DNA. 
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Table I. Melting temperatures and enthalpies of the hairpin-to-coil 
transition of the examined DNA hairpins. All data were obtained by means of 
a least square fit of the experimental UV-absorbance - temperature curve 
(See Materials & Methods), a) This value is somewhat less reliable than the 
other melting enthalpies. 
Oligonucleotide T
m
 ΔΗ 
C O (kcal/mol) 
d(ATCCTA-CTTG-TAGGAT) 
d(ATCCTA-GTTC-TAGGAT) 
d(ATCCTA-TTTA-TAGGAT) 
d(ATCCTA-ATTT-TAGGAT) 
d(ATTACG-CTTG-CGTAAT) 
d(ATTACG-GTTC-CGTAAT) 
d(ATTACG-TTfT-CGTAAT) 
d(ATCCTA-TAAA-TAGGAT) 
d(ATCCTA-TTTT-TAGGAT) 
d(ATCCTA-AAAA-TAGGAT) 
d(ATCCTA-AAAC-TAGGAT) 
d(ATCCTA-AACA-TAGGAT) 
d(ATCCT -AAAT -AGGAT) 
d(ATCCTA-TTTTTT-TAGGAT) 
d(ATCCTA-AAAAAA-TAGGAT) 
62 
53 
57 
50 
67 
53 
52 
Д9 
53 
43 
47 
48 
47 
47 
38 
46 
38 
45 
39 
40a 
38 
37 
36 
41 
27 
35 
34 
30 
41 
24 
Since earlier NMR experiments [3,12] and molecular mechanics calculati­
ons [8,9] indicated that the loop folding in the hairpins considered might 
be rather tight we investigated the influence of the introduction of more 
bulky bases in the loop sequence. Hairpins where adenines are introduced in 
the loop region, i.e., -AAAA-, -AAAC-, -AACA-, and -AAAAAA-, show a lowered 
stability with respect to hairpins where Τ residues are located at homolo­
gous positions (cf. Table I). A study of the hairpin formation by d(ATCCTA--
TAAA-TAGGAT) shows that the imino proton spectrum of this molecule corres­
ponds with the formation of a hairpin with six base pairs in contrast to 
d(ATCCTA-TTTA-TAGGAT) (vide supra); the imino proton resonance of T7 is 
observed in d(ATCCTA-TAAA-TAGGAT) as a broad line around 11 ppm (not shown). 
In line with this finding is the observation that the melting temperature 
drops from 57 "C for d(ATCCTA-TTTA-TAGGAT) to 49 °C for d(ATCCTA-TAAA-TAG-
GAT). 
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The hairpin formed by d(ATCCTA-TTTA-TAGGAT) was further examined by 
means of 2D-NMR. Part of its NOESY spectrum is presented in Fig. 5; in this 
region the HI' and H8/H6 cross peaks are found. This part of the spectrum 
was used to assign the ring proton resonances and the sugar HI' resonances 
in the standard manner [20-22]. It can be seen that when one starts at the 
cross peak generated by the 5'-terminal residue (Al), the sequential 
assignment can be continued to the HI' and H6 resonance of residue T8. On 
the other hand, when one starts at the S'-end (T16) the assignment can be 
continued to T9. On the basis of these assignments the J-coupling patterns 
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Fig. 5. Part of the 600 MHz phase sensitive NOESY spectrum of d(ATCCTA-TTTA-
-TAGGAT), dissolved in D2O, exhibiting cross peaks between aromatic H6/H8 
ring protons and sugar HI' protons. The spectrum was obtained for a 1 mM DNA 
sample at 1 mM NaCl, pH 7 and at a temperature of 298 K. The mixing time was 
0.3 s. The sequential analysis of the cross peaks is indicated. The drawn 
lines represent the connectivity diagram for residues in the stem; the 
dashed lines represent the connectivity diagram of the residues in the loop. 
The assignment of the base H6/H8 protons is indicated along the horizontal 
axis, the assignment of the HI' sugar protons along the vertical axis. 
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of the HI'-protons were analyzed. It was found for all of the sugars that 
the sum J^iji + ^ і ^ " ^  13.3 Hz which indicates that they predominantly 
adopt an S-type conformation [23]. Scrutiny of the H8/H6-H11 cross peak 
intensities shows that the intra residue cross peak intensity of residue AIO 
is abnormally high. This can be seen more clearly by considering the cross 
sections presented in Fig. 6 showing the Overhauser effects of three 
different ring protons, namely of H8 of AIO and of H6 of T7 and C4, to the 
HI' and HZ'/HZ" resonances. It is obvious that the intensity of the HS-Hl' 
cross peak of adenine AIO is much higher than those of thymidine T7 and 
-s*J\—->^v~_—Jv"VK^- c* 
b^^~~*J\-, 
a.o 6.0 4.0 PPM 
2.0 
Fig. 6. Cross sections through the NOESY spectrum of Fig. 5 taken along ω^ 
for three different 102 values so that cross peaks from the H6/H8 ring proton 
resonances to other proton resonances are visible for residues T7, CA and 
AIO. The assignments of various cross peaks are indicated. 
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cytidine CA, but comparable to the H5-H6 cross peak of cytidine CA. It 
follows from a NOESY experiment performed with a mixing time of 75 ms that 
this effect is not caused by spin diffusion. Then, in the spectral region 
considered, only the HS-Hl' cross peak of AIO and the H5-H6 cross peaks of 
C4 are retained with about the same intensity, indicating that the distance 
between the adenosine H8 and HI' spins is near 2.5 Â. This strongly suggests 
that the adenine base is in a syn-conformation. However, the UV-melting 
experiments and the imino proton spectra indicate that this base (AIO) is 
involved in base pairing (vide supra). This is only possible when the base 
pair is of the Hoogsteen type [2A] (cf. Fig. 7). Confirmation of the 
occurrence of such a base pair can be obtained by consideration of intra 
base pair proton-proton distances. In a Hoogsteen pair the distance between 
the thymidine imino proton and H8 of the adenine residue is 2.6 Â. Thus, one 
expects to observe a cross peak between the resonances of these two protons 
in a NOESY spectrum recorded for a H2O solution, as indeed is borne out by 
experiment (cf. Fig. 7). In addition, a spin diffusion induced cross peak 
between the imino proton resonance and the adenine HI' sugar resonance is 
observed. To avoid any possible confusion with cross peaks between imino 
proton resonances and adenine H2 resonances, the hairpin was deuterated at 
the purine C8 position. It followed that all resonances at and around 8.2 
ppm (the position of the adenine H8 resonance) were reduced to 10 % of their 
original intensity. In the NOESY spectrum no connectivity between the imino 
proton resonance of thymine and the ring proton spectral region nor to the 
HI' proton spectral region was found. All these results demonstrate that T7 
and AIO in d(ATCCTA-TTTA-TAGGAT) form a T-A Hoogsteen base pair with the 
adenine base in the syn-conformation. 
Similar experiments were performed for the hexadecanucleotide d(ATCCTA-
-CTTG-TAGGAT) which also forms a hairpin with an additional base pair (vide 
supra). Here we did not find any indications that the seventh base pair, the 
C7-G10, forms a Hoogsteen pair. Instead, the intensity pattern of the NOE 
cross peaks is in accordance with the presence of a Watson-Crick type base 
pair. 
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Fig. 7. Part of the 600 MHz NOESY spectrum of d(ATCCTA-TTTA-TAGGAT) 
dissolved in H2O. The spectrum was obtained for a 1 mM DNA sample containing 
1 mM NaCl, pH 6, at a temperature of 298 K. The mixing time was 0.3 s. The 
cross peaks between the imino proton resonance of residue T7 and the H8 and 
HI' resonances of residue AIO are indicated. The geometry of the Hoogsteen 
base pair displayed on top corresponds to the observed intensities of the 
cross peaks. 
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DISCUSSION 
The experiments performed in the present study were inspired by two 
earlier observations. In our laboratory, it was found that the hexadecanu-
cleotide d(ATCCTA-TTTT-TAGGAT) folds into a hairpin loop in which in the 
expected loop region a wobble T-T pair is formed [1Ζ,13] so that apparently 
a loop of two residues is present. For the octanucleotide d(C
m
GC
m
GTGC
m
G) 
Orbons et al. observed that a mini-hairpin can be generated also leading to 
a loop of two bases [10,11]. In Chapter A, we concluded to the existence of 
a wobble T-T pair on the basis of sequential NOE measurements and NOE 
measurements between imino protons. It followed from these experiments that 
the first and the last thymine base of the loop is stacked upon the stem of 
the hairpin and that their imino protons are arranged in such a way that 
these bases can form a pair. That actual hydrogen bond formation occurs 
follows from NMR melting experiments which show that the mentioned imino 
protons are bleached out from the spectrum at the same temperature as the 
majority of the imino protons in the stem. This indicates that the T-T pair 
has a lifetime similar to that of the other base pairs in the molecule. The 
resonance position of the imino protons in the T-T pair is somewhat higher 
than is normally found for uridine or thymine imino protons involved in N-
H...0 hydrogen bonds. This we do not completely understand at this moment. 
In contrast, for the hairpins studied in this chapter the existence of a 
seventh base pair is only accepted when an extra resonance is observed 
between 12.5 and 14 ppm and this needs some explanation. Contrary to the 
observations described above we found that for molecules with -PuTTPy- loop 
sequences the exchange of the imino protons in the loop region is enhanced 
compared by those of the stem region of the hairpin and also compared to the 
loop region of molecules with -TTTT- and -PyTTPu- loop sequences (cf. Figs. 
1,3 and A). The imino proton resonances of the -PuTTPy- loop sequences are 
strongly broadened. In the case of d(ATTACG-GTTC-CGTAAT) we were fortunate 
to be able to see the resonance of G7, as a very broad line but separated 
from the resonances at 11 ppm. For the other molecules with -PuTTPy- loop 
sequences, the corresponding resonances are bleached out completely or 
hidden beneath the broadened resonances near 11 ppm. This can only mean that 
for the -PuTTPy- sequences the base pair is not at all or transiently 
formed, in contrast to the -TTTT- loop sequence. This conclusion is further 
corroborated by the occurrence of a seventh resonance in 12.5-14 ppm region 
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for the molecules with -PyTTPu- loop sequences, which is diagnostic for the 
existence of a seventh base pair, and by the comparative UV-melting 
experiments. 
The observation of the two-membered loops came thus originally as a 
surprise because in a regular B-type (or A-type) helix the distance between 
the two terminal phosphates at one end of the stem is about 17.5 Â and 
bridging this distance by two nucleotides was thought to be sterically 
impossible [25]. For the aforementioned hexadecanucleotide d(ATCCTA-TTTT-
-TAGGAT) and octanucleotide аС^СС^СТСС^С) it was observed that the torsion 
angle γ of the residue directly following the two-membered loop adopts a 
trans conformation instead of the standard gauche conformation found in 
normal B-DNA [11,12]. This adjustment of the backbone conformation decreases 
the distance between the 5'-end phosphate of the stem and the second loop 
residue, thus facilitating the formation of a two-membered loop. 
Another interesting feature of this type of loop closure is displayed by 
modelling studies [9,26] (Chapter 5) which show that the C-G base pair 
closing such a two-membered loop is not flat but buckled and hence points to 
a strained conformation. 
The results of the present chapter show that there is an additional 
mechanism by which the distance between the terminal phosphates at one end 
of the stem can be diminished and this is the totally unexpected formation 
of a Hoogsteen base pair. The distance between the CI' sugar carbons, which 
is 10.A A in a standard Watson-Crick base pair, is diminished to 8.6 Â in a 
Hoogsteen pair (cf. Chapter 1; Fig. 10). This will concomitantly decrease 
the distance between the phosphates at the end of the stem where the 
Hoogsteen pair is situated and will additionally facilitate the formation of 
a two-membered loop. The occurrence of Hoogsteen base pairs as part of the 
end of double-helical regions in nucleic acids is relatively rare. In 
yeast-tRNAp"e two reversed Hoogsteen base pairs, U8-A14 and TSA-m^ASS, are 
observed [27]. They facilitate the occurrence of sharp bends in the molecule 
and may in this respect resemble the role of the T-A Hoogsteen base pair in 
our hairpin. Hoogsteen T-A base pairs have also been observed in the complex 
of the bis-intercalator triostin-A and the double helix formed by d(CGTACG)2 
[28]. Here, the reduced distance between the CI' carbon atoms of the A-T 
pairs serves to stabilize the complex through a close packing of the 
oligonucleotide near the end of the triostin-A molecule. These observations 
136 
illustrate that nucleic acids quite easily adjust their structure in order 
to accommodate local energetic needs so as to avoid highly localized strain 
situations and to optimize local interactions [9]. Our experiments do show 
that the formation of loops consisting of residues in partly self-complemen-
tary molecules depends on the sequence of the intervening residues. With a 
pyrimidine at the 51- and a purine at the S'-end of this intervening 
sequence two-raembered loops are easily formed in the molecules considered, 
while inversion of this sequence makes the formation of such a loop much 
more difficult if not impossible. It is noted that replacement of the two 
central thymidines by more bulky bases appears to invalidate this simple 
rule in the sense that in that case a four-membered loop is retained. 
We also studied the salt and concentration dependence of the UV-melting 
profiles for the oligonucleotides. At higher strand and salt concentrations 
the d(ATCCTA-PuTTPy-TAGGAT) and not the d(ATCCTA-PyTTPu-TAGGAT) sequences 
give rise to dimer formation. The first type of fragments does not form the 
two-membered loop, but in the duplex form the Py and Pu are involved in 
base pair formation which explains the relative preference for the dimer 
structure compared to the second fragment where Py and Pu can pair in the 
hairpin form. Perusal of the literature shows that these considerations can 
be extended to some self-complementary sequences as well. For instance a 
comparison of the melting behavior of the self-complementary sequences 
d(CGCG-AATT-CGCG) and d(CGCG-TATA-CGCG) shows that it is easier for the 
latter molecule to form hairpin structures. Thus at 0.07 mM strand concen-
tration d(CGCG-AATT-CGCG) does not form a hairpin in 0.01 M NaCl [29] while 
at 0.38 mM strand concentration d(CGCG-TATA-CGCG) still is able to form 
hairpins in 0.1 M NaCl [30]. 
At first sight the above pieces of information seem rather unrelated: 
in some cases a two-membered loop closed by a distorted base pair (buckled 
or Hoogsteen-type) is apparent, in other cases sometimes only subtly changed 
sequences give rise to four-membered loops. Although it may seem a matter of 
semantics we are inclined to think of the above mentioned two-membered loops 
as four-membered loops in which local optimization (e.g., base pairing) 
occurs. Such a view has its completely accepted analogies, e.g., the extra 
base pair TSA-m^ASS in tRNAphe does not make the TTC-loop a three membered 
one nor is the m2G26-AA4 base pair in the same molecule normally reckoned to 
be part of the anticodon stem. 
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Seen in this light all the above hairpins fall within the scope of a 
general loop folding model for which under specific conditions further 
architectural details can be stated. For example, the present results 
demonstrate that for intervening loop sequences -PyXXPu- (Py = pyrimidine, X 
= thymidine. Pu = purine complementary to Py) the terminal bases are 
involved in some kind of base pairing scheme, while reversal of this 
sequence, i.e., -PuXXPy-, makes base pairing much more difficult if not 
impossible. Bulkiness of the two central bases in the loop is another 
limiting factor in local optimization: when the first X base is a purine 
(cf. d(C
m
GC
m
GTGC
m
G)) an extra base pair may be formed, but replacing both 
X-bases by purines (cf. d(ATCCTA-TAAA-TAGGAT)) limits the hairpin to the 
basic four-membered loop scheme. 
Although the observed effects can thus be formulated in terms of a 
simple rule, the available dataset is still too small to declare the model 
generally applicable to all DNA hairpins. A case in point is formed by the 
results reported for d(CGCG-TTTT-CGCG) [31] and diCGCGCGCG-TTTT-CGCGCGCG) 
[32]. The authors claim a loop folding for the four central T's different 
from our loop folding model in the sense that stack propagation from the 
З'-end of the stem into the loop is limited to one thymidines, the second Τ 
is supposed to be rotated away from the center of the loop. Although we 
have some doubts about the ability of the used NOESY-distance geometry 
methods to deduce such conformational details in nucleic acids in an 'ab 
initio' way [23], we cannot offer an explanation for this aberration apart 
from the observation that these loops have in common that they are folded on 
top of an all C-G stem. This is also true for the results obtained by Xodo 
et al. [34]. These authors found that neither the melting temperatures nor 
the melting enthalpies measured for diCGCGCG-TTTTT-CGCGCG) and d(CGCGCG-AA-
AAA-CGCGCG) differed within experimental accuracy. This is in contrast to 
our results; upon substitution of all intervening thymidines by adenines the 
melting temperature as well as the transition enthalpy is significantly 
lower (cf. Table I). Very recently, similar results were obtained by 
Breslauer and collaborators [35]. These authors demonstrate that the 
stability of the related hairpins formed by d(CGAACG-XXXX-CGTTCG) decrease 
in the order X = T, C, G and A, respectively. It is noted in passing that 
the NOESY cross peak patterns of the loop regions of d(CGAACG-TTTT-CGTTCG) 
and d(CGAACG-AAAA-CGTTCG) agree with the inter-residue connectivity pattern 
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observed for d(ATCCTA-TTTT-TAGGAT) [12]: connectivities are observed between 
the loop residues X7 to X9, while no connectivity is observed between the 
loop residues X9 and X10. These results are in perfect agreement with our 
loop folding principle, i.e., the base stacking pattern of the loop bases is 
propagated on top of the S'-end of a B-type double-helical stem, while after 
the third loop base the sugar-phosphate backbone changes its direction [12]. 
The thesis put forward by Xodo et al. [ЗА] that the self-complementary 
sequences d(CGCGC-GATC-GCGCG) and d(CGCGC-GTAC-GCGCG) form hairpins in which 
the loops consist of only the two central (A/T) bases and G6-C9 base pairs 
close the loop is obviously also deviating from our results, i.e., -PuXXPy-
sequences forming four-membered loops only. However, we note that their 
thesis is based on UV-melting data recorded for a very limited set of 
hairpins. Their main argument is that the enthalpy changes on denaturation 
of the hairpins is ca. 3 kcal higher than that of the 'unconstrained' 
hexamer duplex d(CGCGCG)2. That this finding in itself is not sufficient for 
drawing conclusions regarding the loop size is exemplified by our previously 
reported results for d(ATCCT-ATTTT-AGGAT). In the latter molecule the 
hairpin denaturation enthalpy is also slightly higher (ca. 3 kcal/mol) than 
that of the corresponding helix formed by the 'unconstrained' hexamer duplex 
d(ATCCTA)*d(TAGGAT) [A,8], but NMR experiments indicate [7,8] that the stem 
of the hairpin formed by this molecule involves only five base pairs (no 
imino proton resonance was found for the conceivable pair A6-T10). In other 
words, the enthalpy contribution of the loop to the overall hairpin 
stability may be equal or exceed that of one base pair [4,7,8]. 
In summary, the present results demonstrate that nucleotide sequence 
and composition have a marked influence on loop folding and hairpin 
stability. Notwithstandingly, the results can be explained by a rather 
simple model in which under certain conditions local optimization of the 
hairpin structure within the conformational space delineated by our loop 
folding principle may occur. 
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CHAPTER 7 
THREE-DIMENSIONAL STRUCTURE OF A DNA HAIRPIN IN SOLUTION. 
2-DIMENSIONAL NMR STUDIES AND MULTI-CONFORMATIONAL ANALYSIS OF 
d(ATCCTA-TTTA-TAGGAT). 
ABSTRACT 
The B-type hairpin formed by d(ATCCTA-TTTA-TAGGAT) was studied by means 
of 2-dimensional NMR spectroscopy and multi-conformational analysis. The ^H-
resonances of the stem region were assigned almost completely and the Ml-
and J1P-spectrum of the loop region was interpreted completely; this 
includes the stereo specific assignments of the H5' and H5" resonances. The 
conformational details of this hairpin loop were examined by means of multi-
conformational analysis. In this procedure the conformational space spanned 
by the glycosidic torsion angle and pseudorotational parameters of each 
mononucleotide unit were sampled systematically on the basis of the 
available experimental J-coupling constants and NOE-intensities. Inter-
residue distances between protons were calculated by means of a procedure in 
which the simulated and experimental NOEs were fitted, using a relaxation 
matrix approach, but without the introduction of a molecular model. The 
backbone torsion angles β, γ and ε were deduced from homo- and hetero-
coupling constants. The structure of the loop region was then examined with 
the aid of multi-conformational analysis. The obtained conformation was 
subsequently docked on a B-type stem. Restrained molecular dynamics, 
restrained as well as free molecular mechanics calculations strongly 
corroborate the results obtained by means of the multi-conformational 
analysis. 
The structural appearance of the hairpin loop is a compactly folded 
conformation: the first base of the central -TTTA- region forms a Hoogsteen 
T-A pair with the fourth base. This Hoogsteen base pair is stacked upon the 
sixth base pair of the B-type double helical stem. The second base of the 
loop is folded into the minor groove, whereas the third loop base is partly 
stacked on the first and fourth base. The phosphate backbone exhibits a 
sharp turn between the third and fourth loop-nucleotide. The peculiar 
structure of this hairpin loop is discussed in relation to loopfolding in 
DNA and RNA hairpins and supports a general model for loopfolding. 
INTRODUCTION 
The studies conducted in the previous chapters on the folding patterns 
in hairpins have shown that the structure formed in loop regions depends on 
the type of double helix, which forms the stem of the hairpin, probably on 
Blommers, M.J.J., van de Ven, F.J.M., van der Marel, G.Α., van Boom, J.H. & 
Hilbers, C.W. Eur. J. Biochem. (submitted) 
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the base pair sequence of the stem and on the base sequence of the loop 
region. For instance, for the DNA hairpins with four membered loops, studied 
in this thesis, it was found that the introduction of complementary bases in 
the loop region sometimes results in the formation of a base pair [1] 
(Chapter 6). This turned out to be the case for, for instance, the hairpin 
formed by d(ATCCTA-TTTA-TAGGAT). In the loop formed by the central residues 
-TTTA- a Hoogsteen base pair is formed between its first and fourth base. As 
has been indicated in Chapter 6 the formation of such a base pair on top of 
a regular double helix may facilitate the closure by two nucleotides of the 
gap formed by the 31- and 5'-terminal phosphates of this Hoogsteen pair. 
However, additional determination of the backbone conformation (with respect 
to a normal B-type backbone) remains necessary. Therefore, in the present 
chapter the details of the loop structure of the hairpin formed by the title 
compound is studied in detail; since this molecule gives rise to excellent 
NMR spectra it is well suited to this purpose. In the course of the 
investigations new methods were introduced to derive the loop structure from 
the NMR data. In particular, it is mentioned that the application of multi-
conformational analysis was investigated to obtain an unbiased and reliable 
sampling of the conformational space of the loop region. 
MATERIALS AND METHODS 
Experimental 
The oligonucleotide d(ATCCTA-TTTA-TAGGAT) was synthesized via the 
phosphotriester method [2]. Samples were prepared by dissolving the 
oligonucleotide to a concentration of 3 mM in a solution containing 25 mM 
sodium phosphate, 1 mM sodium cacodylate and 0.1 mM EDTA at pH 7.0. NaCl was 
added to 200 mM sodium concentration. The NMR samples were prepared by 
three-fold lyophilization from D2O (99.8 % ). 
A00 MHz and 600 MHz ^-NMR experiments were performed on Bruker AM-400 
and AM-600 spectrometers both interfaced to an Aspect 3000 computer. Phase 
sensitive 2D- spectra were recorded using time proportional phase incremen-
tation [3]. The 400 MHz NOESY spectra were recorded with a spectral width 
of 4000 MHz, using a mixing time of 75, 125, 200, 300, 400 and 500 ms 
respectively. The 600 MHz NOESY spectrum was recorded with a spectral width 
of 6000 Hz, using a mixing time of 200 ms. The spectra were acquired, with 
2K points in the t2- and 512 points in the t^-direction. The time domain 
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data were zero-filled in both directions and were multiplied with a shifted 
sine function before Fourier transformation. The A00 MHz DQF-COSY spectrum 
was recorded with a spectral width of 4000 Hz, and was acquired with IK 
points in the tl- and 4K points in the t2-direction. The ^Η-detected ^ір-ін 
hetero-nuclear multiple quantum coherence (HMQC) spectrum [4] was obtained 
with the pulse sequence and phase list depicted in Fig. 1. This experiment 
was performed on a Bruker AM400 spectrometer equipped with a QNP probe. 256 
experiments were recorded, each 352 scans, with a spectral width of 4000 Hz 
in t2 and 1500 Hz in tl. 
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Fig. 1. Pulse scheme for the acquisition of the ^H-detected hetero multiple 
quantum coherence (HMQC) *P- Η spectrum. The phase list applied in this 
experiment is indicated. 
Confomational analysis 
The conformational analysis of the hairpin was performed according the 
following procedure. In the first step the conformation of each sugar 
residue was determined from the Jjjjj-coupling constants and/or sums of 
couplings determined for the sugar spin systems. Then, the orientation of 
each base relative to its own sugar was derived with the aid of intra-
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residue NOE intensities. Subsequently, distances between residues were 
evaluated from inter-residue NOEs. In addition, the domains of backbone 
torsion angles were derived from J-coupling information. These results were 
then combined with a multi-conformation generation step to obtain dinucleo-
tide structures which are consistent with the available NMR constraints. 
This approach was extended to longer fragments, i.e., the -TTTA-fragment. 
The procedure is outlined in Fig. 2; a more detailed description following 
the scheme indicated in this figure is presented below. 
1d-spectrum 
J-coupllng· 
Fig. 2. Flow chart of the procedure which is followed in the conformational 
analysis of the DNA hairpin. J-couplings and NOE cross peak intensities are 
used in the subsequent stages indicated in this figure: MARC (multi-
conformational analysis of deoxy-ribose conformation), NOESIM (NOE simulati­
on), NOEFIT (NOE fit) and HELIX (multi-conformational analysis of di-, tri­
and tetra-nucleotides). 
1Д6 
Stage 1: Hulti-conformational analysis of the deozyribose conformation 
For the deoxyribose sugars the H-C-C-H torsion angles, φ^, are related 
to the pseudorotation parameters [5], which characterize the sugar conforma­
tion, by the following equations [6]: 
φ!^· = 121.4 + 1.03 ф
т
 cos (Ρ - 144) 
ф1і2'· = 0.9 + 1.03 ф т cos (Ρ - 144) 
Ф2із< = 2.4 + 1.03 ф
т
 cos (Ρ) (1) 
Φ2^'з, = 122.9 + 1.03 ф
т
 cos (Ρ) 
ФЗ^' = -124.0 + 1.03 ф
т
 cos (Ρ + 144) 
where Ρ is the phase angle of pseudorotation and φ
π
 the pucker amplitude of 
the sugar. On the basis of these equations, sets of torsion angles were 
generated by systematically varying Ρ and ф
т
 in steps of 5" or any other 
chosen step size, if so desired. These torsion angles served to evaluate the 
corresponding values of the J-couplings between the sugar proton spins. To 
this end the EOS-Karplus equation: 
3jHH = 1 3 · 2 2 cos2 Φ - 0 · 9 9 c o s Φ + (2a) 
£[ 0.87 - 2.46 cos2 ( ξ^ + 19.9 \ах±\ ) ] ^ 
was used for the calculation of Ji'21» 3]_г2"> ^2,3I a n^ ^2"3'' whereas for 
J^I^I the equations 
^Нд = 13.24 cos2 φ - 0.91 cos φ + (2b) 
Σ[ 0.53 - 2.41 cos2 ( ξ^ + 15.5 (Δχ^ ) ] ДХІ 
ÛXi = ΔΧί,α - 0 · 1 9 Σ ΔΧΐ,β (2c> 
were applied [7]. In these equations φ represents the torsion angle defined 
by the two vicinal protons; Δχ^ stands for the difference in electronegati­
vity between the substituents on the H-C-C-H fragment and hydrogen. In Eq. 
2b the value of Δχ^ needs correction for the electronegativity of p-
substituents, as indicated in Eq. 2c. ξ^  is +1 or -1 depending on the 
orientation of the substituent [7]. For certain values of P, the Jl'l" and 
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Л'З' are sensitive to the so-called Barfield transmission effect. Correcti­
ons for this effect were introduced on the basis of the following expressi­
ons [8]: 
uJ1i2" = -2-0 cos
2
 (P-234) 144 < Ρ < 324 
9 О ) 
AJ2t3i = -0.5 cos2 (P-270) 180 < Ρ < 360 
Thus, at this point we have obtained a set of five coupling constants for 
each generated P, фд-раіг, i.e., for each corresponding sugar conformation. 
In practice deoxyribose sugars are not rigid but they may adopt N-type or S-
type conformations, which are in rapid equilibrium [5,9]. Therefore a 
dataset of J-couplings was generated, for different ratios of N- and S-
conformations, which is composed of the weighted average of the J-couplings 
of each conformation: 
J
av = d - xs) JN + XS JS C*) 
To this end the fraction of sugars in the S-conformation, Xg, was systemati­
cally varied between 0 and 1 in steps of 0.05, The five coupling constants 
thus obtained for a large number of values Pjj, ф ^ , Pg» ф
т
д and xg were 
written to a database. The size of the database depends on the user's 
choice of the boundaries of the conformational space and on the step size. 
Once the database is created it can be used in conjunction with a program 
which tests each line for the occurrence of J-couplings which satisfy the 
experimental constraints. E.g., when the J]^· = 10 ± 0.5 Hz and Σ21 (= 
^I'Z' + І^2'2"І + "^'З') = 24 + 1 Hz are used as input, all values Рдо, Фщ^, 
Рд, ф
т
д and Хд which correspond with these constraints are written to a 
file. The computer program which is developed to perform the analysis is 
called MARC (multi-conformational analysis of deoxy-ribose conformation). 
Stage 2: Determination of the glycosidic torsion angle χ 
The torsion angle χ can now be derived from intra-residue cross peak 
intensities. The procedure used was as follows. For the mononucleotides the 
distances between H8/H6 and the sugar protons were calculated as a function 
of the phase angle of pseudorotation, Ρ, and the glycosidic torsion angle χ. 
To this end Ρ and χ were systematically varied between 0 and 360°. The 
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results were used to determine the values of the elements of the relaxation 
matrix R, which is part of the Solomon-Bloch equations [10,11] that describe 
the time-dependence of the magnetization, M: 
^ M(t) = R H(t) (5) 
The elements of the relaxation matrix are: 
Rii = Σ (·Κ3+ 2 " l ^ W 2 J ) (6a) 
R. . = ^ - „¿J (6b) 
where i and j stand for spins i and j respectively and the W's are the well 
known transition probabilities [10]: 
1 γ h 
V0 = fi T r ( 7 a ) 
0
 10 r 6 . C 
3 γ τι τ 
WÎJ = — ^ — — ^ Т Т ™ 10 г.. 1 + ω τ i j с 
.. 3 / * 2 
W2J = - - s — — 7 Т Т ^ 5 г.. 1 + αω τ i j с 
i j is the distance between the spins i and j and т с is the rotation 
correlation time. The other symbols have their usual meaning. γΤί^/10 = 5.70 
10 1 0 s~¿k° for protons. The use of these equations implies that isotropic 
tumbling of the molecule is assumed. The value of the rotational correlation 
time can be estimated with the aid of the Stokes-Einstein equation [12]: 
т
с
 = V h η / kT (8) 
Vjj is the hydrated volume, η is the viscosity of the solvent and к is 
Boltzman constant. For a spherical molecule dissolved in H2O the value of т
с 
at room temperature is then about 4.1 10~ 1 3 times the molecular weight. A 
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formal solution to the differential matrix equation (Eq. 5) is: 
M(t) = e- t R M(0) (9) 
where M(0) is the magnetization at times t=0. This equation can be solved by 
calculating the truncated Taylor expansion of the exponent (see Chapter 1), 
but it is better to solve this equation numerically in order to account for 
spin diffusion. Therefore the matrix R is diagonalized to λ [13]. If 
X^R X = λ (10) 
where X denotes the matrix of eigen-vectors and λ is the matrix of eigen­
values of R, then 
e
-tR
 = x e
-tA
 x
-l
 ( 1 1 ) 
and substitution in (1) yields 
M(t) = X e-tÀ Χ"1 M(0) (12) 
The intensities of the auto- and cross-peaks observed in a NOESY spectrum 
contained in the matrix a: 
a = Χ β"
λτιη
 X" 1 (13) 
which is the matrix of NOE intensities, т
т
 is the mixing time. Using the 
relaxation matrix approach the intensities of the NOE cross peaks between 
the resonances of H6/H8 on one hand and the resonances of HI', H2', H2" and 
H3' on the other hand were determined as a function of Ρ and χ (e.g.. Fig. 
3; Chapter 1). The program NOESIM [14] (see also Chapter 4) calculates the 
NOE cross peak intensities from a set of inter-proton distances using Eqs. 
5-13. In the calculations also the influence of the other sugar protons 
including the H51 and H5" was included; the influence of the protons of the 
5'-neighboring nucleotide was accounted for by positioning three protons at 
a distance of 2.3, 3.2 and 4.0 Â from H6/H8. These distances were taken from 
regular B-DNA. They only serve to describe the relaxation of the aromatic 
proton more realisticly. The results are plotted in Fig. 3. For this 
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x x x 
Fig. 3. Contour plots of NOE cross peak intensities as a function of the 
pseudorotational parameter Ρ and the glycosidic torsion angle χ. The NOE 
intensities, presented for cross peaks between the aromatic proton H6 or H8 
and the Hl'.HZ' and H2" sugar protons. The calculation was carried out, 
using the program NOESIM, which accounts for spin diffusion (see text). In 
the calculations the spectrometer frequency was set to 600 MHz and a 
rotational correlation time of 2 ns was assumed. The calculated NOE 
intensity of the H5-H6 cross peak in cytidine was 0.08. 
particular case the calculations were performed for a correlation time t
c
 = 
2.0 ns, spectral frequency = 600 MHz and a mixing time T
m
 = 0.2 s. It 
appeared that the results were not very sensitive for the value of ·:_ around 
2 ns. Plots like Fig. 3 can be used to provide a direct estimate of χ if Ρ 
is known. To this end the experimental cross peak intensities are combined 
with the contour plot of Fig. 3 to obtain, if possible, an unique solution. 
The peak intensities (volumes of NOE cross peaks) were calculated using 
the PEAKFIND algorithm developed in our laboratory by T.J.L. Bosman and 
J.P.M. van Duynhoven. In this procedure the successive rows and columns of 
the 2D-data matrix are smoothed and then differentiated twice. With this 
method maxima in rows and columns can be identified easily. Then by means of 
cluster analysis in the f^  and Í2 dimension the maxima of the peak positions 
are determined. Peak-volumes are determined by means of a curve fitting 
procedure applied to each peak. These are scaled with the same factor which 
is needed to scale the H5-H6 NOE of the cytidine residues to the calculated 
H5-H6 NOE intensity, using the NOESIM program. In this procedure an absolute 
experimental error for the NOE cross peak intensity of 0.01 was assumed. In 
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practice this leads to an accurate estimation of χ. We note that according 
to our experience the four experimental base-sugar NOE intensities form a 
consistent set. This means that these intensities yield, within experimental 
error, conformations which fit into the conformational space available for a 
mononucleot ide. 
Stage 3: Estimation of inter-residue distances 
Inter-residue distances were determined by means of a computer program 
NOEFIT which makes use of the relaxation matrix approach introduced in the 
preceding section. This program uses the conformational parameters, P, ф
т
, 
and χ, determined in the stages 1 and 2 of the structure determination as 
input for the calculation of the intra-residue proton distances. Furthermore 
a list of the measured NOE cross peak intensities together with the 
spectrometer frequency and the rotational correlation time is entered into 
NOEFIT. The calculations are started by setting all inter-residue distances 
to the irrealistic value of 20 Â. Then NOE cross peak intensities are 
simulated and compared with the experimental values. Subsequently, the 
simulated NOEs are fitted to the experimental values by changing the inter 
proton distances by means of a steepest descent procedure. The strongest NOE 
is fitted first, then the strongest but one NOE is considered, etc. In each 
step of this procedure the distances determined in the preceding steps were 
included in the fitting process. This process was continued until all NOEs 
could be fitted to 0.001 of their intensity. The total procedure was then 
repeated but now with the inter-residue distances, derived in the preceding 
step, as input parameters. This results in a set of distances which are 
within 0.1 Â from the input. The calculations were executed for experiments 
conducted at several different mixing times (75 ms- 500 ms) to make sure 
that for all of these mixing times the same distances are obtained. 
Distances less than 3 Â were reproducible within ± 0.2 Â. 
Stage 4: Multi-confonnational analysis 
The distances estimated in the preceding section are used as con-
straints in a multi-conformational analysis in which the torsion angles of 
the phosphate backbone are changed systematically. Fortunately, for some 
torsion angles the available conformational space may be restricted to quite 
narrow domains if sufficient homo- and hetero- J-coupling information is 
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available by which the torsion angles can be defined. Of course, this will 
lead to a more efficient analysis and, in the end, to better defined 
structures. 
The multi-conformational analysis was carried out with the computer 
program HELIX (developed by F.J.M. van de Ven) which will be described in 
detail elsewhere. First, dinucleotides are analyzed; the conformational 
space of a dinucleotide is, provided bond distances and bond angles are 
constant, in principle 11-dimensional. Thus a proper sampling of the 
conformational space requires systematic variation of the 11 parameters, 
i.e., P, ф
т
 and χ of the 5 1- and 3'-nucleotide and the backbone torsional 
angles ε, ζ, α, Ρ and γ. Because we have already determined the conformation 
of the mono-nucleotide units, the conformational search can be restricted, 
in an ideal case, to five dimensions: namely to the variation of the 
backbone angles ε, ζ, α, β and γ. This leads to a large number of conforma­
tions for the dinucleotide units in the molecule, the total number depending 
on the nvunber of steps in which the torsion angles are varied. Each 
conformation was tested against the available distance constraints and 
rejected if these were violated. All other distances in the conformation are 
confined to the interval from 1.8 to 30.0 Â, otherwise the conformation was 
rejected as well. Torsion angles of the structures which satisfy the 
distance constraints are stored. In the next step the procedure is extended 
from the dinucleotide analysis to the investigation of trinucleotide units. 
This is only possible when distance constraints are available between the 
first and the third nucleotide. Further extension of the analysis to tetra 
nucleotides and beyond can be carried out in principle, but again long range 
distance constraints are required in order to keep the number of generated 
conformations within reasonable bound, i.e., to keep the conformational 
space occupied by the generated conformations within such limits that an 
actual structure determination is performed. 
Restrained molecular dynamics 
The results obtained by means of the multi-conformational analysis were 
reproduced by means of a restrained molecular dynamics calculation [15] 
using the program QUANTA with the CHARMM force field [16]. A suitable loop 
structure, docked on a B-type stem, was used as starting structure. This 
structure was energy minimized and subjected to a restrained molecular 
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dynamics calculation at AOO К. At these conditions the influence of the non-
bonded interactions is negligible. The distance constraints (upper and lower 
bound distances) were introduced by means of pseudo square well potentials. 
The potential for the distances between upper and lower bounds is set to 
zero. In addition, the torsion angles β, γ, 6 and e were constrained at the 
standard gauche , trans or gauche" rotamers as deduced from the NMR 
experiments. The procedure was as follows: the heating of the system from 0 
to 400 К took place in 1 ps. Then the system was equilibrated at 400 К 
during 1 ps. Subsequently the dynamics run was performed during 10 ps at 
this temperature. The time step of the dynamic calculations was 1 fs. 100 
structures were sampled, i.e., after each 0.2 ps. 
Restrained and free molecular mechanics calculations. 
The structure of the hairpin, which is obtained by means of the multi-
conformational analysis was further examined by means of a restrained 
molecular mechanics calculation using the program DISCOVER [17] and its 
standard force field. Sodium counter ions were added to the negatively 
charged phosphates. The hairpin structure, obtained as described above, was 
placed in a shell of water molecules of 5 Â. The system thus comprised the 
hairpin, 15 sodium ions 425 water molecules. The cut-off radius for the non-
bonded interactions was 8.5 A. These were switched using a cubic switching 
function between 8.5 and 10 Â. The long range cut-off was 10 Â. 
RESULTS 
Spectrum interpretation 
Part of the spectrum of the hairpin formed by d(ATCCTA-TTTA-TAGGAT) has 
already been interpreted in an earlier study [1] (Chapter 6). This concerns 
the imino proton spectrum, the HI'-sugar proton spectrum and the H8/H6 ring 
proton spectrum. The results obtained for the non-exchangeable protons were 
based on the sequential analysis of a NOESY spectrum, recorded with a mixing 
time of 300 ms at 298 K. In the present study, the experiments were extended 
to other mixing times, and temperatures. Despite these experimental 
differences, the spectra hardly differ from those obtained earlier and 
consequently the sequential analysis of the H6/H8-H1' cross peaks leads to 
results which are essentially the same to those mentioned above. This means 
that a NOE-walk can be made from the H8- resonance of residue Al to the Hl'-
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Fig. Part of the 600 MHz NOESY spectrum of d(ATCCTA-TTTA-TAGGAT) (top) 
and the corresponding region of the 400 MHz DQF-COSY spectrum (bottom). The 
cross peaks which are crucial in the interpretation of this part of the 
spectrum are indicated (see text). The unusual NOE between the L1H1' and 
Lim' resonances is indicated by an arrow. It is confirmed that at the 
corresponding place in the DQF-COSY spectrum no cross peak is present 
(arrow). The numbering of the resonances of the hairpin, which is used in 
this chapter, is indicated in the left bottom corner. 
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resonance of residue L2 and from the H6 resonance of residue Tl to the H8 
resonance of residue L4. The residues in the stem are numbered 1 to 6 as 
indicated in Fig. 4 and the four residues which form the loop are labeled 
LI, L2, L3 and L4, respectively. Once these results are available the 
assignment procedure can be easily extended to the Hll-H2,/H2" and H3 1-
H2'/H2" cross peaks by combining suitable NOESY and DQF-COSY spectra. As 
followed already from our earlier J-coupling analysis of the Ji^'" a n t^ 
J^i2" coupling constants [1] (Chapter 6), the sugar entities occur predomi­
nantly in a S-type conformation. This means that the ^"31 -coupling constant 
is small and as a result the cross peaks in the DQF-COSY spectrum (Fig. 4) 
between the corresponding resonances are absent or very low in intensity. 
Moreover, the fine-structure of the HI'-HI' and HI'-H2" cross peaks differs 
significantly [18]. This can be inspected in Fig. 4, where these cross peaks 
for the residues L3 and L4 have been indicated. Note that the HI' resonance 
of L4 resonates downfield from the H2"-resonance, which is quite unusual. On 
the other hand, in the NOESY spectrum the Hl,-H2" cross peaks then are more 
intense than the Ш'-Нг' cross peaks. Thus the individual H2 1 and H2" 
resonances can be easily identified. 
It is well known that a sequential analysis can also be conducted using 
НЗ/Нб-К'/H2" connectivities. Indeed, via these cross peaks a NOE walk can 
be performed from residue Al into the loop including residue LI. In contrast 
to the aforementioned HS/Hó-Hl'-walk no Нб-нг'/Нг" connectivities are 
observed between residues LI and L2, while a weak cross peak is present 
between the L3H6- and L2H2'-resonance (cf. Fig. 4). It is possible that a 
cross peak is present between the L3H6- and L2H2"-resonance, but we cannot 
be entirely sure because of partial overlap with the ТбНб-ТбИ'-cross peak. 
No connectivities are found between the H8 and H2,/H2" resonances of residue 
L4 and L3, respectively. The absence of these cross peaks is also obvious at 
longer mixing times (e.g., at 500 ms). The normal sequential analysis can be 
continued, in the 3'-direction, from L4 to the terminal residue Tl. The 
results of these sequential walks are summarized in Fig. 5; steps about 
which we are somewhat less certain because of overlap are indicated. 
Also the sequential connectivities between the CH3- and H5- resonances 
on one hand and H8- and Нб-resonances on the other hand, which were obtained 
in a similar manner, are incorporated in Fig. 5; these endorse the interpre­
tation obtained by means of the other NOE walks. Some of the assignments 
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Ηβ/Η6 ^ нг 
ΗΘ/Η6 -••Η2' 
нв/н —»-нг· 
СНЗ/HS -•• Η8/Η6 
Fig. 5. Connectivity diagram in which the appearance of NOE cross peaks 
between neighboring residues is indicated. The dark region correspond to 
unambiguous cross peaks. The dashed regions correspond to ambiguities for 
the reason of peak overlap. The blank regions correspond to the absence of 
cross peaks. Note the absence of cross peaks between the third and fourth 
loop residue. The connectivities between the first and second residue also 
suggest a deviation from the B-type conformation at this place in the loop 
section. 
which are crucial in the discussion of the loop structure are indicated in 
Fig. 4 and will be discussed below. 
We now return to the identification of the sugar proton resonances. 
Starting from the assigned НЗ'-resonances, the DQF-COSY and NOESY spectra 
were used to assign the HA'-resonances. Then in the NOESY spectrum cross 
peaks from НЗ'- to НА'-, H 5 1 - and H5"-resonances were incorporated in the 
analysis in order to extend the assignment to the H 5 1 - and H5"-signals. If 
available in the DQF-COSY spectrum НА'-НЗ'/НЗ" cross peaks were used to 
confirm the assignments (vide infra). Because of overlap not all of the H4', 
HS'- and H5"-resonances could be identified, but the most important ones, 
i.e., those from the loop region, were accessible to analysis (see Fig. 6 ) . 
The results are listed in Table I. It is noted that we were able to make 
stereo specific assignments for the HS' and the H5" spins. The ability to do 
this is intimately connected with the determination of the value of the 
torsion angle γ, and will be discussed in one of the following sections. 
Here we make use of those results and just summarize the assignment 
procedure. It is established that if γ adopts a gauche conformation the H5' 
and H 5 " can be assigned by making use of the fact that the NOE between the 
НЗ' and H 5 " is strong and the NOE between the H3' and H5 1 will be weak or 
even absent (cf. the corresponding distances in Fig. 7 ) . In case it has been 
concluded that γ is in the trans domain the discrimination between HS' and 
H5" can be based on the difference of the ^ 415« and J^iy1 coupling constants 
[19] (Fig. 7 ) . Then, in the DQF-COSY spectrum the corresponding cross peaks 
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Fig. 6. Part of the 600 MHz NOESY spectrum (left) of d(ATCCTA-TTTA-TAGGAT) 
in which the sugar phosphate backbone protons are found. Some of the cross 
peaks which correspond to intra nucleotide NOEs of protons in the loop 
region have been indicated. The corresponding part of the 400 MHz DQF-COSY 
spectrum is shown (right). The NOE cross peak intensities and coupling 
patterns appear to be crucial in the assignment and interpretation (see 
text). The cross peak pattern of the L4H4,-H5" cross peak (arrow) corres­
ponds to a γ -0 conformation of the backbone. 
Table I. Chemical shifts of the non-exchangeable proton resonances of 
d(ATCCTA-TTTA-TAGGAT) at 310 K. 
Res H6 H5 HI' HZ' H2" НЗ' HA' HS' H5" 
H8 CH3 
H2 
Al 
T2 
СЗ 
С4 
Т5 
А6 
LI 
L2 
L3 
L4 
Тб 
А5 
G4 
G3 
А2 
TI 
8.20 
7.38 
7.54 
7.51 
7.31 
8.21 
7.20 
7.75 
7.30 
8.16 
7.29 
8.09 
7.57 
7.57 
8.07 
7.19 
1.33 
5.60 
5.52 
1.63 
1.39 
1.92 
1.29 
8.00 
1.33 
--
--
1.39 
6.18 
6.01 
6.01 
5.86 
5.72 
6.17 
5.88 
6.23 
5.21 
6.36 
5.70 
6.01 
5.51 
5.64 
6.23 
6.08 
2.67 
2.19 
2.23 
2.43 
1.96 
2.57 
2.00 
1.73 
1.57 
3.16 
2.05 
2.57 
2.45 
2.43 
2.55 
2.10 
2.80 
2.47 
2.47 
2.43 
2.36 
2.76 
2.11 
2.04 
1.92 
2.94 
2.38 
2.75 
2.58 
2.62 
2.78 
2.10 
4.82 
4.84 
4.78 
4.73 
4.82 
4.91 
4.74 
4.64 
4.40 
4.84 
4.79 
4.95 
4.91 
4.89 
4.91 
4.46 
4.20 
4.28 
4.23 
4.26 
3.33 
4.33 
4.13 
4.28 
4.00 
4. 
4. 
3. 
3, 
.15 
,14 
.43 
,91 
4.11 
4.08 
3.98 
3.96 
3.71 
4.08 
4.03 
4.08 
are expected to be weak and strong respectively. When γ is in the gauche" 
region the situation is just reversed; J^'S' I s large and J,/,'5" is small 
leading to corresponding changes in the DQF-COSY spectrum. In this case the 
conclusion may be endorsed by considering the NOE intensity of the HS'-HS' 
and HS'-HS" cross peaks. The first is expected to have a relatively large 
intensity, while the latter is weak or absent. The assignment of these 
resonances of residue L3 is indicated in Fig. 6. The NOE cross peaks with 
ЬЗНЗ' are used to identify the H4 1-, HS'- and H5"-resonances. The strong 
HS'-HS" cross peak in the NOESY as well as in the DQF-COSY spectrum 
establishes that the H4' resonates upfield from the HS'/HS" resonances. 
Because L3-Y adopts a gauche+ conformation (note the weak H4I-H5' and 114'-
H5" cross peaks in the DQF-COSY spectrum), the HS'-HS' NOE must be weaker 
than the H5"-H3' NOE. This allowed us to assign L3H5' and L3H5". The same 
approach has been used for the assignment of the resonances of the other 
sugar-backbone protons in the loop region. The assignment of these resonan­
ces of L4 is also indicated in Fig. 6. In this case we find a strong HA'-HS' 
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О 90 180 270 360 
Ί 
0 90 180 270 360 
7 
Fig. 7. ^Н-^Н coupling constants for Jv5' and JA«5" calculated as a 
function of the torsion angle γ [53], together with ^H-'H distances of the 
proton pairs HS'-HV, НЗ'-НЗ", НЗ'-НА', НА'-НЗ' and НА'-НЗ". These couplings 
and distances illustrate that a stereospecific assignment of the H5' and 
H5" resonances can be achieved when the cross peaks of NOESY and COSY type 
spectra are evaluated. 
cross peak in the DQF-COSY spectrum, which is indicative for γ1-. This is 
corroborated by the observation of НЗ'-НЗ' and НЗ'-НЗ" NOEs of equal 
intensity. 
The Эір-spectrum of the title compound has been investigated by means 
of a 31P-I-H-HMQC experiment (Fig. 8A). The bulk of resonances of the 
phosphorus atoms of the stem could not be identified specifically (they are 
clustered in the region ω^ » -0.9 - 0.9 ppm and (1)2 = 4.0 - Д.5 ppm), but all 
P-resonances of the loop region, designated P6-P10 (see Fig. 8B) have been 
assigned, using the H3'(n)-P(n) and HS'/H5"(n)-P(n-1) cross peaks, as has 
been indicated. The resonance of P8 is shifted somewhat upfield relative to 
the others. We mention in passing that P9 exhibits a cross peak to L3H21; we 
will return to this observation shortly. 
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Ή 
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LI L3 Ηβ" Ηβ' Η4· L3H2· 
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-1 0 
00 
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Fig. 8. З1?-1!! HMQC spectrum of d(ATCCTA-TTTA-TAGGAT). The assignment of 
the phosphorus resonances of the loop (P6-P10) is indicated. The number of 
the phosphates is indicated in (B). The presence of a small cross peak 
between P9 and L3H21 is obvious (A). This illustrates that a long range 
JUT«ρ is present in this particular case. This coupling exists when four 
successive bonds in РЗ'-03'-СЗ'-02'-H21 form a flat W, as is depicted with 
heavy lines in the structure (C). This happens when the ε adopts a gauche" 
conformation and when the sugar has a S-type pucker. 
161 
-TTTA- loop 
Fig. 9. Scheme of the loop region of the hairpin formed by d(ATCCTA-TTTA-
TAGGAT). The characterization of the residues corresponds with that in Fig. 
A. The connectivities observed between the protons of the loop section of 
the hairpin are indicated by lines connecting the protons in the different 
residues. 
Examination of the chemical shifts presented in Table I leads to the 
observation of some interesting chemical shift values for the residues in 
the loop region. An upfield shift is observed for the methyl resonance of 
L2, which is not totally unexpected for a loop methyl resonance. The HI', 
H4 1 and H51 resonances of residue L3 show strong upfield shifts. Note that 
we assigned HA' of L3 upfield from its HS'/HS" resonances. Remarkable 
downfield shifts are found for L2H6 and the Нг' and H2" resonances of 
residue LA. 
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Structure determination 
After completion of the assignments we now examine which structural 
details can be derived from the spectra utilizing both NOE and J-coupling 
information. 
The sugar conformation 
We first consider the HI'-resonances. These are already well resolved 
in the ID-spectrum, and the Jl'l' and Jl'Z" coupling constants can be 
derived fairly accurately through simulation of the HI'-spectrum. This does 
not apply for the other sugar resonances, due to severe spectral overlap. 
Necessary additional J-coupling information was obtained from the fine 
structure of the cross peaks present in the DQF-COSY spectrum, either by 
simulation of the cross peaks or by taking cross sections through the cross 
peaks in the DQF-COSY spectrum along the (^-direction and directly reading 
of the J-coupling constants or sums of J-coupling constants. The accuracy of 
the latter method was checked by means of simulation of these cross 
sections. Although the coupling constants were obtained after correction for 
resonance overlap, they are generally somewhat less accurate than the data 
obtained from ID-spectra due to the limited digital resolution. The results 
are listed in Table II. 
By means of the multi-conformational analysis program MARC (see 
Materials and Methods), the J-coupling information was translated into the 
pseudorotation parameters, Ρ and ф
т
, and the fraction of the S-puckered 
sugar (cf. Table II). It follows from these calculations that the sugar 
rings occur almost exclusively in a S-type conformation as was already 
concluded from the preliminary analysis (Chapter 6). Moreover, it appears 
that for certain sugars, the set of J-couplings match a narrow domain of S-
conformations; this applies for residues Al, T5, L3, GA and A2. It is 
particularly interesting that, for the loop residue L3, Ρ and ф
т
 are well-
defined and the sugar occurs entirely as a S-pucker. The phase angle is 
somewhat larger than normally found in B-DNA possibly a result of the tight 
loop structure or because ε has an abnormal orientation (see later). Due to 
a lack of data, the sugar conformation of residues Tl and CA is ill-defined, 
which is reflected in the range of values which can be adopted by P, ф
т
, and 
X5. In fact Ρ and ф
т
 of these two sugars correspond with the domains used as 
input for the calculation (Table II). 
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Table II. J-coupling information obtained for the sugar rings and conforma­
tional parameters obtained for the mononucleotide units of the title 
compound. The J ] ^ ' an(i ^14" represent the coupling constants between the 
HI' and H21 and HI' and H2" respectively. The sums of the coupling con­
stants: ΐ.2' = J^^1 •*" ^ ' З ' "*" Ι^Ζ^'Ί an<^ ^ " = ^ і ^ " "*• •І2"3| **" Ι^2'2"Ι· 
The values obtained for the pseudorotational parameters, Ρ and ф
т
, of the S-
puckered sugar and the fraction of the S-type sugar were obtained by the 
MAHC analysis. P(S) was sampled between 117° and 198" in steps of 4.5°. 
φ
ιη
(3) was sampled between 32 and 44 in steps of 3. The molar fraction x(S) 
was sampled between 0.0 and 1.0 in steps of 0.05. The numbers in the column 
err indicate the constraints: (l) all constraints +/- 0.5 Hz; (2) as (1) but 
with constraints of the sum +/- 1.0 Hz; (3) as (2) but with constraints 
J J ^ I ancl ^I'l" +l~ 0-75; (4) only Ji'21 + ^ І ^ " = 1^.0 is used as con­
straint. The values for the glycosidic torsion angle χ were estimated from 
the combined use of NOE intensities and Fig. 3 (see text). 
Res J ^ · 3y\2" ^2' Σ2" err P(S) ф
т
(5) x(S) χ 
Al 
T2 
СЗ 
С4 
Т5 
Аб 
LI 
L2 
L3 
L4 
Т6 
А5 
G4 
G3 
А2 
TI 
8.7 
9.1 
9.3 
8.1 
8.4 
9.9 
9.2 
10.2 
8.4 
9.3 
9.5 
9.5 
9.8 
9.0 
8.7 
-
5.3 
5.6 
5.0 
5.6 
5.3 
5.6 
5.2 
5.4 
5.6 
5.3 
5.6 
5.6 
5.3 
5.3 
5.3 
-
27.4 
29.6 
29.6 
-
29.3 
28.0 
28.6 
28.0 
28.0 
28.0 
29.8 
28.5 
27.9 
27.9 
29.1 
-
21.2 
20.3 
20.3 
22.8 
20.7 
20.3 
21.5 
21.5 
20.3 
20.3 
20.9 
21.1 
19.6 
20.3 
21.5 
-
1 
2 
2 
1 
3 
3 
1 
1 
2 
2 
1 
1 
2 
1 
1 
4 
189-198 
166-189 
130-180 
117-198 
180-189 
166-193 
139-189 
166-189 
198 
162-198 
139-175 
157-193 
171 
180-198 
135-144 
117-198 
41-44 
32-35 
38-41 
35-44 
35 
35-44 
38-44 
41-44 
41 
38-44 
32-41 
35-41 
41 
35-44 
38-44 
32-44 
0.95-1.0 
1.0 
0.9-1.0 
0.75-0.9 
0.95-1.0 
0.95-1.0 
0.80-1.0 
0.9-1.0 
1.0 
0.9-1.0 
0.9-1.0 
0.9-1.0 
1.0 
1.0 
0.8-0.85 
0.75-1.0 
135-215 
242-248 
160-300 
160-300 
228-242 
220-225 
225-232 
212-221 
165-210 
130-160 
239-241 
210-220 
150-320 
160-300 
180-218 
220-230 
The glycosidic torsion angle 
This torsion angle was determined by combining the results obtained for 
the phase angle, P, and the NOE intensities measured for the intra residue 
connectivities between the H8/H6- and the HI 1-, Нг'-, H2"- and H3 1-
resonances. The experimental cross peak intensities were calculated with the 
aid of the program PEAKFIND (cf. Materials and Methods) from the 600 MHz 
NOESY spectra; those acquired for a mixing time of 200 ms are collected in 
Table III. These intensities can be directly used to read of the glycosidic 
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torsion angle in the different Ρ-χ plots given in Fig. 3. The results are 
presented in Table II. Examination of these results shows that some of the 
torsion angles are well constrained, i.e., those of T2, T5, A6, LI, L2, T6, 
A5 and Tl, while others are not. In particular, the glycosidic torsion angle 
of the С and G residues and the 5'-terminal residue are not well defined. 
This latter result is caused by the fact that some of the cross peak 
intensities could not be determined because of peak overlap. Apart from the 
С and G residues it can be concluded that the values of χ are in the anti-
range, normally found for B-DNA with the exception of those of the loop-
residues L3 and LA. The adenine of L4 is in a high-syn conformation which 
permits Hoogsteen base pairing with the thymine of the first loop residue. 
The glycosidic torsion angle of thymine of L3 differs a little from B-DNA. 
This orientation of the base may be a result of a local optimization of 
base-base stacking interactions. 
The backbone torsion angles: 
The torsion angle γ (OS'-CS'-CV-Ca' ) 
It has been indicated (vide supra) that for the loop region of the 
hairpin the spectral interpretation can be extended to the A', 5' and 5" 
sugar proton resonances, which involves stereo-specific assignment of the 
5 1- and 5"-signals. The latter result could be obtained in combination with 
the determination of the torsion angle y. We will now elaborate on this 
feature. 
In A- and B-type helical structures γ is found in the gauche domain. 
In NOESY spectra deviations from this situation can be readily picked up by 
considering the cross peaks between the H6/H8 and the H51/H5"-resonances. If 
γ is in the gauche -region no NOE cross peak will be observed between these 
proton pairs for sufficiently short mixing times (=75 ms) for the size of 
the molecule considered here. On the other hand, for γ in the trans or 
gauche" domain, the distances between H6/H8 and H51 or H5" become rather 
short and the NOE cross peaks will be correspondingly more intense and 
observable in NOESY spectra. For a further characterization of this torsion 
angle we consider Fig. 7, where the values of the J-couplings, JH4HJ5I and 
ЛІІДІЦСП [19] and the distances between the proton pairs НЗ'-НЗ', НЗ'-НЗ", 
HA'-HS', HA'-HS" and НЗ'-НА1 have been plotted as a function of γ. We focus 
on the three staggered conformations and for the first one, gauche , we note 
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Ηβ-ΗΙ' 
нв-нг' 
Η8-Η2" 
Нв-НЗ' 
НГ-Н2' 
НГ-Н2" 
HI'-HA' 
H2"-H3' 
1127 
7618 
1038 
500 
1960 
6061 
965 
Till 
Н6-НГ 
нб-нг
1 
H6-H2" 
Нб-СНз 
H6-H5f 
ні^-нг· 
Hl'-Н2" 
HI'-НА' 
Η2·-Η3· 
H2"-H3• 
НЗ'-НА' 
Н3'-Н5" 
637 
6380 
1319 
868А 
А78 
339А 
9903 
500 
6306 
3255 
1586 
2А80 
Н6-Н1' 
нб-нг
1 
Η6-Η2Μ 
Н6-НЗ' 
Η1·-Η2' 
HI'-НА' 
нг'-нз* 
Н2"-Н3' 
НЗ'-НА' 
HS'-HS" 
60А 
12006 
А018 
705 
5028 
77А 
721А 
А133 
8697 
1683 
Н6-НГ 
Н6-Н2' 
Н6-НЗ' 
Н6-Н5" 
НГ-Н2' 
Hl'-Н2" 
Hl'-НА' 
нг'-нз· 
Н2"-Н3' 
НЗ'-НА' 
Н3'-Н5' 
Н3'-Н5" 
Н2"-Н5" 
А73 
989 
919 
839 
АА8А 
10906 
1078 
5981 
1А265 
267А 
3790 
5302 
12А2 
Н6-НГ 
нб-нг' 
Н6-СН3 
H6-H3f 
Н6-НА' 
Н6-Н5' 
Н6-Н5" 
Н1'-Н2* 
Н1'-Н2" 
Hl'-НА' 
Н2'-Н3' 
Н2"-Н3· 
Н2'-Н2" 
НЗ'-НА' 
Η3·-Η5' 
Н3'-Н5" 
НА'-Н5' 
НА'-Н5" 
780 
2220 
8А25 
886 
507 
1А13 
6А9 
5026 
10767 
1461 
8788 
А012 
21102 
50АЗ 
1А51 
А377 
5383 
7518 
йе­
не-
Ηβ-
ΗΙ' 
Hl' 
Hl' 
нг· 
нг· 
Н2' 
НЗ' 
НЗ' 
НЗ' 
НА' 
Н5' 
•Hl' 
•Η2· 
•Н2" 
-Н2' 
-Н2" 
-НА' 
-НЗ' 
'-НЗ' 
-Н2" 
-НА' 
-HS' 
-Н5" 
-Н5' 
-Н5" 
2820 
А327 
1А51 
2130 
12487 
500 
7558 
5109 
21610 
2371 
7184 
5082 
3800 
19102 
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Table III. The experimental NOE cross peak volvimes in arbitrary units of the 
600 MHz NOESY spectrum, obtained by means of curve fitting using the program 
PEAKFIND. The mixing time was 200 ms. The volume of the H5-H6 cross peaks 
was 10064. 
A6-L1 
L1-L3 
HI'-H6 
H8-CH3 
Н2"-СНз 
нг'-снз 
Нб-СНз 
500 
1803 
500 
500 
1006 
L1-L2 
L2-L3 
LA-Тб 
Hl'-Нб 
Hl'-M 1 
H2"-H2I 
НД'-СНз 
нг'-нб 
НЗ'-Нб 
Hl'-HS' 
нг"-^' 
Hl'-H6 
нг'-нб 
Н2"-Н6 
Hl'-НА1 
2506 
5951 
1227 
3979 
653 
8А2 
710 
2022 
1215 
865 
ЗА62 
819 
that only relatively weak NOE cross peaks are expected between НЗ'- and HS'-
resonances. On the other hand the distances between HA' and HS'/HS" are 
rather short (S2.A Â) so that intense cross peaks are expected for these 
proton pairs. Furthermore, it can be gleaned from Fig. 7 that the J-coupling 
constants J4151 and ¿415» will be small so that in a DQF-COSY spectrum the 
cross peaks between the corresponding resonances will be of low intensity or 
even absent. By combining this set of parameters γ can be assigned unambigu­
ously to the gauche"1" domain. 
When γ adopts a trans-conformation strong NOEs of comparable intensity 
are expected between the H31 and HS'/HS" proton pairs. This is typical of 
this conformation and does not occur for either the gauche"1"- or the gauche"-
conformation. In case γ occurs in the gauche" domain, the intensities of the 
H31-HS'/HS" NOE cross peaks will differ substantially. To be able to 
distinguish this situation from γ being in the gauche"'"-region, for which 
also this difference in intensity occurs (vide supra), it is noted that if γ 
falls in the gauche- domain, the J415" is large giving rise to an intense 
cross peak in the DQF-COSY spectrum. Using these spectral features γ can be 
characterized unambiguously. If, in addition, the J-couplings J^'s' and 
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.ІдіЗ" can be determined quantitatively, more precise estimates of γ can be 
obtained. To derive more accurate values of γ, however, a three-state 
equilibrium between the states γ , γ*- and γ" should be assumed in a multi-
conformational analysis. Thus, very accurate couplings are indispensable to 
achieve such. 
Analysis of the NOESY and DQF-COSY spectra of d(ATCCTA-TTTA-TAGGAT), 
along the lines indicated above shows that for most of its residues, γ 
adopts the gauche -conformation. Only for the ring protons A1H8 and L3H6 NOE 
connectivities to HS'/HS" resonances are detected, suggesting that in these 
cases γ may adopt other conformations. Since the rotation around the CA'-CS' 
bond of the 5'-terminal sugar is virtually unhindered, it is not surprising 
that in this case γ, in addition to the gauche -conformation adopts other 
conformations which lead to substantial NOEs between these spin pairs. For 
residue L3 the possible deviation from the gauche -conformation, as 
suggested by the aforementioned NOE cross peaks, is not confirmed by strong 
cross peaks between НА'-НЗ' or НА'-НЗ" resonances in the DQF COSY spectrum. 
This suggests that γ remains in the gauche domain. Indeed, as will be 
discussed below, the cross peaks between L3H6 and the 05' proton resonances 
arise from the peculiar structure of the loop region: the NOEs can be 
explained assuming the spin diffusion path LSHS' - L2H17H2 1 /H2" - L3H6 (cf. 
Fig. 9). It has been mentioned before that the base of residue L4 is in a 
syn-conformation and therefore no NOE cross peaks between the H8 and H5'/H5" 
are to be expected. However, equally strong NOEs are observed between the 
НЗ' and HS'/HS" resonances. Moreover, in the DQF-COSY spectrum a strong 
cross peak is seen between the H V and HS" resonances with a fine structure 
dominated by a large active coupling constant («10 Hz; cf. Fig. 6). This 
shows that the torsion angle γ of the last residue in the loop region adopts 
a trans conformation. The results are summarized in Table IV. 
The torsion angle β (P-OS'-CS'-CV) 
This torsion angle can be monitored by means of the hetero nuclear 
coupling constants Jjis'p and Jn5"p icf. Chapter 1, Fig. 5). In B-type DNA Ρ 
falls in the trans domain and the proton phosphorus coupling constants are 
small, i.e., 1-2 Hz [20]. In case β adopts a gauche - or gauche~-conformati-
on these coupling constants may increase to about 23 Hz (cf. Chapter 1, Fig 
5). They will be manifest in the ^H-DQF COSY spectrum as large passive 
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couplings. For the H5 1- and H5"-cross peaks of d(ATCCTA-TTTA-TAGGAT) which 
are sufficiently well resolved (and this is the case for those of the loop 
region, which interest us most) such large couplings are not observed. This 
indicates that β adopts a trans conformation, at least for the residues in 
the loop region. 
The torsion angle e (СА'-СЗ'-ОЗ'-Р) 
The torsion angle e is only found to occur in two staggered conformati­
ons, namely gauche" and trans; the gauche conformation is 'forbidden' [20]. 
Although the Jj^'p coupling constant might in principle serve to monitor 
this torsion angle, it is of limited practical value because for both 
conformers (e" and 8 t) it has roughly the same value. Therefore, it cannot 
be used to distinguish between these two possibilities. Long-range coupling 
constants may be observed when four bonds in succession lie in the same 
plane and form a W-shaped conformation [5]. We note in passing that this is 
the case for the atomic sequence HA'-04'-05'-05'-P in B-DNA, where β and γ 
are in the trans and gauche domain, respectively (see dashed lines in Fig. 
8C). Indeed, in the Зір-Ін HMQC-spectrum a cross peak is observed between 
ІіЗНА' and P8, confirming our interpretation in the preceding sections that (J 
and γ of residue L3 are in the trans and gauche domain, respectively. Due 
to overlap such conclusions cannot be draw for the other residues. In this 
Table IV. Torsion angle domains deduced for the hairpin formed by d(ATCCTA-
TTTA-TAGGAT). The torsion angles are expressed in terms of the classical 
rotamers gauche (g ), trans (t) and gauche" (g"). The torsion angles in the 
first three columns were derived from J-couplings, the torsion angle χ via 
NOEs by application of the program NOESIM and the torsion angles α and ζ by 
means of multi-conformational analysis (HELIX). 
B-DNA type stem: 
A6 
LI 
L2 
L3 
LA 
T6 
0 
t 
t 
t 
t 
t 
t 
t 
Ύ 
< 
R! 
< 
R+ 
8 + 
t 
8 + 
ε 
t 
t 
t 
t 
8" 
t 
t 
X 
anti 
anti 
anti 
anti 
anti 
high-
ant i 
syn 
α 
g" 
g" 
g" 
t 
E" 
g + 
g 
ζ 
g" 
g" 
R" 
g" 
g + 
R 
g 
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HMQC spectrum a cross peak is also observed between the НЗ' resonance of 
residue L3 and its РЗ'-resonance (Fig. 8A). If the sugar adopts a S-type 
conformation and the torsion angle e is gauche" the four bonds between the 
H2' and P31 atoms are in one plane and form a W (see bold lines in Fig. 8C) 
which accounts for the observation of a long range coupling through the 
mentioned cross peak. We therefore conclude that ε adopts a gauche"-
conformation in this particular case. Since only one HZ'-PS' cross peak is 
observed, all other torsion angles e are assumed to be in the trans 
conformation. 
The values so far obtained for the torsion angles are summarized in 
Table IV. In cases where we had no indications to the contrary, e.g., for 
the stem region, the angles were assigned standard B-DNA values. 
Structure of the loop region 
An essential part of this structure has been established already in our 
earlier studies [1] (Chapter 6). There it was shown that the first and the 
last residue in the loop, i.e., thymidine LI and adenine LA, form a 
Hoogsteen base pair. We now attempt to determine the total loop structure. 
The NOE cross peaks that form the underlying basis for this determination 
are indicated in Fig. A. We first discuss some qualitative aspects of the 
structure determination which follow from a consideration of the available 
Overhauser effects. The sequential NOE walks used in the assignment 
procedure (vide supra) in conjunction with the formation of the Hoogsteen 
base pair between LI and LA indicated already that the first and last base 
of the loop are stacked upon the terminal base pair of the stem region, 
i.e., upon base pair A6-T6. The connectivities are schematized in Fig. 9. 
While standard B-type connectivities are found for the A6-L1 step, the 
connectivity pattern of the LA-T6 step deviates somewhat: the LAH8-T6CH3 
cross peak is absent, but this can be explained easily with the observation 
that the adenine base is in a syn- instead of an anti-orientation. The 
inter-residue Нб-НЗ' cross peak is rather weak and a LAHl'-TöHA' NOE was 
observed. The conclusion that the two base pairs are stacked is supported by 
the observation of a NOE effect in 1-dimensional NOE experiments between the 
imino proton resonances of T6 and LI. 
The connectivities observed between the resonances of the loop residues 
LI and L2 indicate that in this step the nucleotide chain is strongly 
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Table V. Upper and lower bounds of the distances between protons of the 
residues of the loop and of the residues of the base pair closing the loop, 
which were used as constraints in the multi-conformational analysis (HELIX), 
restrained molecular dynamics and restrained molecular mechanics calculati­
on. 
A6-L1 
L1-L3 
L3-LA 
HI'-H6 
нг'-нб 
H2"-H6 
H8-CH3 
нг'-снз 
Н2"-СНз 
H6-CH3 
H l ' - C ^ 
Hl'-Н6 
нг'-не 
Н2"-Нб 
HI'-H8 
нг'-не 
Н3'-Н8 
3.0-5.0 
3.1-А.З 
2.5-3.0 
3.2-5.А 
3.5-5.0 
3.5-5.0 
3.5-5.0 
А.0-30.0 
А.0-30.0 
А.0-30.0 
А.0-30.0 
А.0-30.0 
А.0-30.0 
А.0-30.0 
LI-
_ 
LI­
LA-
-L2 
-L3 
-Т6 
НГ-Н6 
нг-нг
1 
H2"-H2, 
НА'-СНз 
нг'-нб 
Н2"-Н6 
Н6-СН3 
нг'-нб 
Н2"-Нб 
НЗ'-Н6 
Hl'-HS' 
Н2"-Н5 | 
Нб-СНз 
HI'-Н6 
Hl'-HÓ 
нг'-нб 
Н2',-Н6 
НГ-НА' 
HI'-СН3 
2.8-А.1 
2.5-3.0 
2.8-3.А 
2.8-А.9 
А.0-30.0 
А.0-30.0 
А.0-30.0 
3.7-5.0 
1.8-30.0 
3.6-5.0 
З.А-7.0 
3.1-7.0 
А.0-30.0 
А.0-30.0 
З.А-А.7 
3.5-7.0 
2.7-3.2 
3.6-5.0 
А.0-30.0 
deviating from the B-type conformation. Although an (unusually) strong 
Overhauser effect is observed between the LlHl' resonance and its 3'-
neighbor L2H6 resonance, the cross peaks between the К ' /H2" resonances and 
of LI and the ring proton resonance of L2 were absent; these were not even 
observed when the NOESY was recorded with a mixing time of 500 ms. Instead, 
a cross peak is observed between the L2H21 and LlHl' resonances. It is noted 
in passing, that we have not confused this cross peak (indicated with an 
arrow in Fig. A) with an intra-residue connectivity because the correspon­
ding cross peak then expected in the DQF-COSY spectrum is not found. 
Additional NOEs which indicate that the L1-L2 step deviates from the normal 
B-type, are those between the L1H2" and L2H2, and between the LIHA' and the 
L2CH3 resonance (cf. Fig. A). 
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In this respect the connectivities between the spins of L2 and L3 are 
interesting as well. A weak NOE is observed between the base proton 
resonance H6 of L3 and the Rl', (probably) H2" and H31 resonances of L2, 
while no NOEs are observed between this base proton and the L2H1' resonance. 
Furthermore, we find NOEs between the LSHS' resonance and the L2H2" and 
L2H11 resonances respectively. Again deviations from the B-type chain 
conformation are indicated. In addition to these connectivities between 
nearest neighbors we find NOEs between the next nearest neighbors LI and L3, 
i.e., the resonances of L3CH3 on the one hand and L1H6, L1H21 and L1H2" on 
the other hand are connected by NOE cross peaks. These 'long-range' distance 
constraints are, of course, a prerequisite in the determination of a 
detailed structure of the L1-L2-L3 portion of the loop. No cross peaks could 
be observed between the resonances of the third and the fourth residue of 
the loop, implying that the structure determination of this dinucleotide 
step can only follow from constraints in the backbone torsion angles (Table 
IV). Fortunately, long range distance constraints are found between LI and 
L4, which forms the Hoogsteen base pair, i.e., cross peaks are observed 
between L3NH and LAH8 and L4H1'. The NOE contacts between the loop residues 
and the NOEs between the loop residues and the terminal base pair A6-T6 in 
the stem are schematized in Fig. 9. 
For all measured and assigned NOE cross peaks of the six central 
nucleotides of d(ATCCTA-TTTA-TAGGAT) the intensities, i.e., the peak 
volumes, were determined by the PEAKFIND algorithm (Materials & Methods) and 
collected in Table III. These intensities were used to establish inter-
proton distances between the loop residues. This was performed by means of 
the NOEFIT program (Materials & Methods) and resulted in a set of distances 
for which upper and lower bounds were introduced by adding 25 % and -10 % of 
the measured distances respectively (Table V). 
These distance constraints together with torsion angle domains (Tables 
II and IV) and sugar pseudorotation parameters (Table II) served as input 
for the multi-conformational analysis carried out with the program HELIX 
(Materials & Methods). In the analysis the torsion angles were varied 
between their permitted bounds in steps of 15° to scan the defined conforma­
tional space; torsion angles for which these bounds were not available, 
e.g., α and ζ, were first varied between 0° and 360°. Structures generated 
in this way which were not or only partly violating the constraints were 
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stored and examined. In the next steps the step size was reduced to 10° and 
the conformational space was examined in the regions which resulted in the 
'best' structures during the first phase. Finally, the structures with 
violations were discarded. This procedure was followed for all dinucleotide 
steps in the loop region and resulted in 132 conformations for the first, 
the L1-L2 step and 220 conformations for the L2-L3 step. Because of the 
absence of NOE data between the residues L3 and L4 the structure of this 
dinucleotide was ill-defined at this stage of the analysis. 
Subsequently, the conformations obtained for the L1-L2 and L2-L3 steps 
were combined into L1-L2-L3 conformers, which were tested against the L1-L3 
distances. This resulted in a family of 327 trinucleotides that satisfy the 
L1-L3 constraints. To provide an impression of the limited conformational 
space occupied by these conformers twelve of these trinucleotides were 
superimposed and presented in Fig. 10. The RMS difference between these 
conformations was 0.5 Â. It can be seen that this part of the loop is well 
defined; the second base is bulged out and the first and third base overlap 
Fig. 10. Superposition of twelve representative structures found for the 
L1-L2-L3 section with the aid of multi-conformational analysis. The 
structural variation gives an impression of the structural variance. The 
root mean square deviation between the structures was 0.5 Â. 
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to some extent. The trinucleotide conformers were combined with several 
different sets of L3-LA conformers to form the tetranucleotide L1-L2-L3-L4. 
The resulting conformations were tested for their ability to form a 
Hoogsteen base pair between LI and L4. It followed that these constraints 
were only matched by those conformations for which the backbone angles α and 
ζ of L4 and L3 respectively fall in the gauche domain. Subsequently, the 
complete multi-conformational analysis was repeated in such a way that the 
torsion angles of the phosphate backbone of the L1-L2-L3-LA part were 
sampled in steps of 3° around the values given in Table VI. It appeared that 
only a minor part, i.e., 57 structures satisfy the constraints. The RMS 
difference between these conformations was 0.1 Â. This illustrates that the 
applied constraints define the structure of the loop. It is noted that in 
this last step we did not combine all possible L1-L2-L3 combinations with 
those for L3-L4. This is caused by practical reasons connected with cpu-
time. The multi-conformational analysis of the dinucleotide steps A6-L1 and 
L4-T6 resulted in conformations, which correspond with the B-DNA domain. One 
of these conformations is included in Table VI. 
The available NOEs and J-coupling constants appear to be consistent 
with a large number of different conformations in the double stranded region 
of the hairpin, i.e., the stem region. This confines a detailed conformatio-
nal analysis to the loop region. The loop structure was docked on the stem 
region which had the standard B-helix conformation. The torsion angles of 
the loop structure are given in Table VI. Energy minimization of this 
Table VI. Values for the torsion angles of the loop structure depicted in 
Fig. И-
res α β γ δ ε ζ χ Ρ φ . 
A6 
LI 
L2 
L3 
L4 
T6 
300 
290 
190 
310 
100 
310 
180 
195 
180 
200 
170 
190 
60 
55 
50 
70 
185 
60 
159 
133 
159 
164 
158 
137 
205 
180 
240 
295 
180 
180 
285 
250 
240 
55 
265 
300 
226 
229 
217 
210 
130 
240 
190 
140 
178 
198 
180 
150 
38 
41 
43 
41 
41 
38 
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Fig. 11. Plots of the hairpin model in which the loop structure obtained 
with multi-conformational analysis was docked on a B-type stem. The base of 
L2 folds downwards into the minor groove. The base of L3 stacks in a non-
regular fashion on the base of L4. The structure is displayed with stick 
models as well as solid models in two different orientations. The aromatic 
bases in the solid models are hatched. 
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structure was applied in order to optimize the conformation of the loop-stem 
junction. This did not alter the conformation of the hairpin loop, which 
indicates that no steric conflicts are present in this conformation. The 
resulting hairpin structure is presented in Fig. 11. 
The hairpin structure was further studied with the aid of restrained 
molecular mechanics calculations (see Materials & Methods). In these 
calculations we included all torsion angle and distance information obtained 
for the stem and loop sections of the hairpin except the constraints 
necessary for defining the Hoogsteen base pair formation. The refined 
structure is presented in Fig. 12A. Note that the A and Τ which are involved 
A В 
Fig. 12. Structure of the hairpin (A) obtained after a restrained MM 
calculation and (B) obtained after a unconstrained MM calculation using the 
structure depicted in (A) as starting structure. It can be viewed that the 
stacking between the loop bases is more efficient in the free MM structure. 
In addition, the NH proton of L2 forms a hydrogen bond with the 02 atom of 
T6. 
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in the Hoogsteen pairing come close to each other to permit hydrogen 
bonding, but that the adenine is somewhat tilted. However, after an energy 
minimization in which all constraints were removed, the Hoogsteen Α-T pair 
became flat (see Fig. 12B). As can be viewed from this figure, the stacking 
of the various bases in the loop region is optimized: L3 stacks partly on L4 
and partly on LI. The Hoogsteen pair stacks on top of the sixth base pair of 
the B-type stem. All conformational properties of the loop section have been 
conserved during the calculation. The only new aspect of the energy-refined 
structure is the formation of a hydrogen bond between the imino proton of 
residue L2, which is folded into the minor groove, and the 02 atom of 
residue T6. 
All structural details deduced from our NMR data of this hairpin are 
incorporated in this model. The first loop-thymine forms a Hoogsteen pair 
with the fourth adenine, which is in high-syn conformation. This base pair 
is stacked on a B-type stem. The second loop base is bulged out and is 
folded into the minor groove. This goes together with the unusual torsion 
angle a*-. The third base is partly stacked on LI and LA. The turn in 
direction of propagation of the phosphate backbone goes together with the 
unusual torsion angles α and ζ between the third and fourth loop residue. 
DISCUSSION 
Structure determination 
In this chapter several new approaches have been introduced to derive 
the structure of a nucleic acid molecule, in this case the hexadecanucleoti-
de d(ATCCTA-TTTA-TAGGAT), from the raw NMR data. 
In contrast to the procedure where the sugar conformation is determined 
from the J-coupling information with the program PSEUROT [21] here this 
conformation is obtained by means of a multi-conformational analysis (cf. 
materials & methods). In PSEUROT the values of the P(N), <t>
m
(N), P(S), <t>
m
(S) 
and x(S) are obtained with the aid of a least square fit procedure: the RMS 
difference between the experimental and calculated coupling constants is 
minimized. This procedure can only be used when detailed coupling data are 
available. When not all five H-Η coupling constants can be measured, 
assumptions must be made for some of the parameters (e.g., P(N) and φ,,,ίΝ)). 
Therefore, with the current data available for the hexadecanucleotide a 
PSEUROT analysis would result in a strongly biased output. Using the MARC 
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procedure the relation between the NMR parameters and the conformational 
parameters is made explicit. 
Furthermore, a convenient method was introduced to estimate the 
glycosidic torsion angle, χ, by combining the experimental cross peak 
intensities and NOE contour plots (cf. Fig. 3). In this method spin 
diffusion is accounted for and it is ensured that the resulting structure is 
within the conformational space which can possibly be spanned by a mononu­
cleotide in contrast to some earlier work [22]. 
To obtain information about the backbone torsion angle γ it is 
necessary to have available a stereo specific assignment of the HS' and H5" 
sugar protons. So far the rule of Remin and Shugar was in common use, i.e., 
it was assumed that the H51-resonance is found downfield from the HS"-
resonance [23]. In the more irregular loop regions this approach may no 
longer hold and a procedure is introduced to obtain the stereo specific 
assignments for these protons. This was particularly important when 
establishing the correct domains for the γ- torsion angles of the L3 and L4 
residues, i.e., Remin's and Shugar's rule does not hold for L3 and L4. 
Inter-nucleotide distances were estimated directly (by means of the 
program NOEFIT, from NOE cross peaks without invoking a structural model 
while still accounting for the effects of spin diffusion. The availability 
of such a method is particularly important when in advance nothing is known 
about the structure which in our situation applied to the loop region. 
The structural constraints obtained by means of the method described 
above were translated into a structural model by means of multi-conformatio-
nal analysis using the program HELIX. 
During the past years several computational strategies have been 
developed to obtain the structure of nucleic acids from NMR data. Three 
types of approaches or combinations thereof have been utilized: distance 
geometry calculations [24-26], iterative relaxation matrix approaches 
[28,29] and restrained molecular dynamics [15]. The methods have been 
continuously subjected to improvements or are in the process of being 
improved with respect to proper sampling of the conformational space and 
with respect to the question to what extent the resulting structure is 
determined by the NMR constraints [29]. As mentioned above here we investi­
gate the application of a multi-conformational analysis approach. In 
principle this method permits an unbiased, systematic and complete sampling 
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of the conformational space of a molecule and the relationship between the 
remaining structure or family of structures and the NMR data remains 
transparent. A major disadvantage of this approach is that it is very 
demanding in terms of computer time. In particular when the sampling step 
size is small, i.e., a fine grid search is conducted, millions of conforma­
tions have to be tested against the experimental constraints. This problem 
may of course be alleviated to some extent by a courser sampling but this 
has the obvious disadvantage that one could miss part of the conformational 
space which might match the experimental constraints. It is in fact our 
experience that when one starts looking at longer fragments, e.g., in our 
case the loop sequence (vide infra), where say the allowed conformations of 
the trinucleotide are combined with those of the following dinucleotide, 
tracing of a conformer of the resulting tetra nucleotide which fits the 
experimental constraints is the most time consuming part of the procedure. 
Once one has found such a conformer the 'surrounding' conformational domain 
fulfilling the experimental constraints can be explored relatively rapidly. 
The calculations presented here were conducted on a PC-AT and conversion of 
the program HELIX to more powerful computers will certainly help. Neverthe­
less improvements of the methodology are needed to make it applicable to 
larger systems. One approach that might improve matters is to combine the 
multi-conformational analysis with other approaches, e.g., restrained 
molecular dynamics or genetic algorithms [30,31]. 
In this study we have also compared the results of the multi-conforma­
tional analysis (MCA) with a restrained molecular dynamics calculation (HMD) 
of the hexadecanucleotide. This calculation resulted in a set of 100 
structures. The results obtained by the two methods are compared in Fig. 13 
where conformational wheels of the backbone torsion angles of the loop 
region are drawn. First we note that the range of torsion angles found with 
the MCA method are always within the bounds of those found by means of 
restrained molecular dynamics. Furthermore, some of the torsion angle 
variations are comparable for both methods, e.g., for the step L1-L2. Other 
torsion angles, however, adopt considerable wider ranges in HMD. This 
happens for instance for б(Ь2), ζ(ΐ.2), a(LA) and ß(LA). This is partly due 
to the fact that in the restrained molecular dynamics calculations sampling 
took place outside allowed regions, i.e., the ζ~-ζ*- combination in L2 and 
the a t-p + combination in L4. This clearly illustrates that J-coupling 
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information is crucial for a detailed structural analysis of the loop 
region. From the above comparison of the multi-conformational analysis and 
restrained molecular dynamics it may not be concluded that for the L3-L4 the 
torsion angle variation are as small as indicated by the MCA results. The 
bounds may be somewhat wider because only a subset of the structure of the 
L1-L2-L3 fragment could be analyzed in the MCA study of the L1-L2-L3-L4 
fragment otherwise the computer time needed to complete the calculations 
became prohibitively long. The actual torsion angle variations, however, 
are expected to be smaller than indicated by the RMD calculation. 
ß 
MCA » V i / . 
LI-La 
•-RMD 
О 
L5-L3 
г- MCA 
• RMD 
e 
L3- L4 
r » . ¿h ίΤλ 
•-RMD 
Fig. 13. Conformation wheels for the backbone torsion angles of the loop 
section. In these wheels the range of values which occur during the multi-
conformational analysis (MCA) and during the restrained molecular dynamics 
calculation (RMD) are given for the L1-L2, L2-L3 and L3-LA steps. 
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The structure presented in Fig. 12A satisfies all experimental 
constraints. It must be emphasized that the NOEs which have been observed 
with NMR are time-averaged. Because the DNA molecule is not rigid, the NOEs 
reflect a population of structures. The structure presented in Fig. 12A can 
therefore be interpreted as a structure which corresponds with these time-
averaged NOEs. The structure presented in Fig. 12B, obtained after energy 
refinement, can be regarded as one of the preferred conformations. 
Chemical shifts 
The conformation of the hairpin formed by d(ATCCTA-TTTA-TAGGAT) was 
obtained by means of a multi-conformational analysis, using J-couplings and 
NOE intensities. Chemical shifts are related to the structure as well and at 
this place we discuss the most remarkable chemical shifts in the perspective 
of the obtained structure of the hairpin. When we compare the chemical 
shifts with those of the strongly related hairpin d(ATCCTA-TTTT-TAGGAT) [14] 
(see Chapter 4) we note some differences, especially concerning some of the 
resonances of the protons in the loop region. The most prominent shifts are 
summarized: upfield shifts are observed for the resonances of LICH3 (-0.29 
ppm), L2CH3 (-0.14 ppm), L3H11 (-0.67 ppm), L3H41 (-0.67 ppm) and LSHS' (-
0.46 ppm). Downfield shifts are observed for L2H6 (0.27 ppm), ІЛНг' (0.87 
ppm) and L4H2" (0.38 ppm). The chemical shifts of the resonances correspon­
ding to protons in the stem hardly shift. 
The sugar residue of L3 is partly stacked on the syn-oriented adenine 
in position L4. As a result, the HI' and H4' and HS' are positioned about 
3.5 Â above the plane of the adenine. The adenine ring currents result in 
noticeable upfield shifts for these proton resonances. The high-syn 
orientation of the adenine brings the HI', H21 and H2" protons of the same 
nucleotide near the base plane and these protons experience downfield ring 
current induced shifts. Giessner-Prettre and Pullman have calculated ring 
current shifts of the sugar protons as a function of the glycosidic torsion 
angle χ [32]. The downfield shifts, experienced by the HI', H2 1 and H2" 
resonances of L4 find a good explanation based on these calculations. 
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The hairpin loop structure 
The most surprising aspect of the loop structure of d(ATCCTA-TTTA-
TAGGAT) is the occurrence of a Hoogsteen T-A pair in the loop region of the 
molecule and the fact that the second loop residue is turned into the minor 
groove. The formation of the Hoogsteen pair classifies the molecule as an 
example of a DNA hairpin which is able to form a base pair within a loop of 
four nucleotides. The conformational adjustments which can acconmodate this 
base pair formation were discussed before (Chapter 6). On the basis of the 
results obtained in the present chapter we can give a more detailed 
discussion of the loopfolding. We first consider the conformation of the 
second nucleotide in the loop. Stabilization of the loop structure does not 
take place through base-base stacking of its base with its neighbors LI and 
L3 as in d(ATCCTA-TTTT-TAGGAT), but through its interaction in the minor 
groove (cf. Figs. 11-12). One side of the aromatic ring is shielded from the 
solvent, which may contribute to the overall structural stability instead of 
the vertical base-base stacking [33]. When the structure obtained for this 
hairpin is subjected to energy minimization a hydrogen bond is formed 
between the amino proton of A6 and the 04 atom of L2. The formation of such 
a Η-bond may contribute to the stability as well, however, it should be 
noted that the putative Η-bond is only an outcome of the Force Field 
calculations. 
Next we consider the conformation of the sugar-phosphate backbone of 
the loop region (cf. Tables VI-VII). In Fig. 14 the hairpin is viewed from 
the top (the loop region is directed towards the reader) along the helix 
axis. Upon entering the loop region from the 5'-end, the sugar phosphate 
backbone continues its course with some local deviations as in a B-type 
helix. Between the third and the fourth residues in the loop, residue L3 and 
L4, there is a sharp change (a 180° turn) in the direction of the backbone 
and it continues with a B-type conformation into the stem region. Considera­
tion of the backbone angles between L3 and L4 (Tables VI-VII) shows that 
four torsion angles differ essentially from the Α-or B-type backbone 
conformation [33], i.e., ε"-ζ+-ο+-βϊ-γ1: instead of εί-ζ"-α"-β1:-γ+. 
The conversion of the torsion angles 0(3') and ζίδ') in a dinucleotide 
unit from the gauche", gauche" (present in A- or B-type helices) to the 
gauche , gauche domain, can induce a complete change (i.e., a 180° turn) in 
the direction of the phosphate backbone. This has been observed for the 
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first time in the crystal structures of the ribonucleotides UpA [34] and 
A^pApA [35] and in the crystal structure [36] and NMR structure [37] of the 
cyclic deoxyribonucleotide d<pApA>. In all of these examples the remaining 
part of the backbone in the dinucleotide unit pertains to an A-type backbone 
conformation. This includes the sugar moieties which are N-puckered even for 
the deoxyribose sugars in the cyclic dinucleotide d<pApA>. In the latter 
case the sugar(s) may switch to a S-type conformation, while retaining aO') 
and ζίδ') in the gauche+ domain and preserving the preservation of the 180°-
tum in the backbone, but this requires adjustment of the other torsion 
angles otherwise severe steric hindrance of the НЗ'-atoms of the adjacent 
sugars will occur (Chapter 3). In d(ATCCTA-TTTA-TAGGAT) the sugar moieties 
of the L3 and L4 residues are S-puckered (cf. Tables II,VI,VII) and indeed 
Fig. 14. Plot of the hairpin structure viewed from the loop region along 
the helix axis. The bases of the stem are deleted for reasons of clarity. 
The Hoogsteen T-A pair is hatched. The phosphate backbone in the loop region 
is emphasized with thick lines and it is indicated that the direction of the 
backbone is changed 180° between the third and fourth loop residue. 
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compared to the situation ε*1 and γ + seen in the turns mentioned above here 
we have e" and γ*-. To obtain the 180°-turn it is not necessary, however, to 
switch ε to the gauche"-domain as we have seen in the loop of the hairpin 
formed by d(ATCCTA-TTTT-TAGGAT). It is noted in passing that the 180° turn 
in this hairpin is also localized between the L3 and LA residues. Its 
conformation was estimated using the same procedure followed for the 
conformational analysis of the title compound (see Chapter 4). The turn in 
this hairpin is described by the backbone torsion angles ε<--ζ -α -β^—f . As 
a result in this molecule the bases L3 and L4 remain far enough apart from 
another to permit interaction with a third base. Indeed L3 is partly stacked 
upon L2 in this hairpin. Similar situations are encountered in the other 
molecules introduced above. In the hairpin formed by d(ATCCTA-TTTA-TAGGAT) 
residue L2 is turned into the minor groove which allows L3 to stack upon L4. 
This is accommodated by changing ε to the gauche"-domain. 
Despite the fact that the second thymidine (L2) in the loop region 
turns into the minor groove the phosphate backbone does not change directi­
on. This orientation of the thymidine brings about a change in a(L2) which 
is in the trans orientation instead of the normal gauche" domain. The 
direction of the backbone is maintained by compensations in the values of 
Table VII. Torsion angles comprising the 180° turn in four hairpins for 
which accurate data were obtained. The values of the backbone torsion angles 
are indicated with the classical rotamers gauche (+), trans (t), gauche" (-
) or - anti clinal (around -120°). The 180° turn is compared with that of 
the cyclic dinucleotide d<pApA> and with the torsion angles in the backbone 
of B-DNA. 
ε ζ α Ρ γ 
t + + t t 
+ + t t 
t -ac - + t 
+ t + t 
t + + t + 
t - - t + 
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d(ATCCTA-TTTT-TAGGAT) 
d(ATCCTA-TTTA-TAGGAT) 
d(C
m
GC
m
GTGC G) 
d(CGC
a
TAGCG) 
d<pApA> 
B-DNA 
torsion angles in the 3'-direction. The most outstanding are those observed 
for E ( L 2 ) and C(L2). These angles both fall in the anticlinal region 
instead of the trans and gauche"-region, respectively. It is interesting to 
look at this problem in a somewhat different manner. Yathindra and Malathy 
have noted that the six bond backbone P-051-CS'-CA'-СЗ'-03'-Ρ of a nucleoti­
de unit may, in a first approximation, be represented by two segments, i.e., 
P-OS'-CS'-CA' on the S'-side and CA'-C31-03'-P on the S'-side. The distance 
between the terminal atoms in these segments is almost constant, i.e., close 
to 3.9 Â in a wide variety of structures [38]. These two segments have been 
designated hemi-nucleotides and nucleotide conformations can be conveniently 
described by virtual bonds which join the terminal atoms of the aforementio-
ned segments and by the 'torsion angles' which can be defined for these 
bonds, i.e., a v for (P-CA') and ζ
ν
 for (CA'-P). In normal B-DNA the values 
for these virtual torsion angles сц^  and ζ
ν
 are on the average 160° and 210° 
respectively [38]. Summation of a
v
(L2), CV(L2) and av(L3) yields 167°, while 
the corresponding value for B-DNA is 182°. Thus,the change in a(L2) is 
compensated by other angles so that the course of the backbone is maintained 
as in B-type DNA. 
At this point it is interesting to compare the present results with 
those obtained for the 'mini-hairpins' formed by d(C
m
GC
m
GTGC
m
G) and 
d(CGCaTAGCG) [39,АО]. In these sequences C
m
 denotes a cytidine methylated at 
the CS-position and C a represents a cytidine in which the deoxyribose sugar 
is replaced by an arabinose sugar. By a combination of NMR structural 
studies and molecular mechanics or molecular dynamics calculations similarly 
detailed data were obtained for the backbone torsion angles as presented in 
the present paper. The loop in the first hairpin formed by d(C
m
GC
m
GTGC
m
G) 
resembles that in the hairpin formed by d(ATCCTA-TTTT-TAGGAT) [1A]. In this 
loop, formed by the sequence -C
m
GTG-, the first and the last residue are 
base paired and the stacking of the bases is as in the -TTTT- loop. In the 
loop of the second hairpin, formed by the sequence -CaTAG- of d(CGCaTAGCG), 
again the first and the last nucleotide form a base pair, but in this case 
the second loop residue (the thymidine) is turned into the minor groove as 
in the d(ATCCTA-TTTA-TAGGAT) molecule. The presence of the arabinose sugar 
could be thought to play a predominant role in inducing this effect, but the 
d(ATCCTA-TTTA-TAGGAT) hairpin provides an example, that this may occur in an 
all deoxyribose phosphate backbone as well. 
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In both 'mini-hairpins' the change in direction in the sugar phosphate 
backbone is between the third and the fourth residue in the loop region (in 
our terminology) as is found in the hexadecanucleotide hairpins. Although 
not all of the torsion angles effecting the 180o-turn in the 'mini-hairpins' 
are the same as in the hexadecanucleotides some interesting correspondences 
between them can be noted (cf. Table VII ). 
First the sugar moieties of L3 and L4 all are S-puckered; also in all 
four hairpins the angle Y ( L 4 ) adopts a trans orientation. Furthermore, in 
d(CGCaTAGCG) e(L3) and C(L3) are gauche" and gauche"1" respectively as in the 
corresponding d(ATCCTA-TTTA-TAGGAT). On the other hand a(L4) and P(L4) in 
both mini-hairpins as well as C(L3) in di^GC^TGC^G) differ from the 
angles in the corresponding hexadecanucleotide hairpins (cf. Table VII ). 
These results show that it is possible to achieve the 180° turn with 
different combinations of torsion angles. The data for the mini-hairpins 
were obtained, however, after energy minimization calculations and other 
combinations of angles, e.g., the ones found for the hexadecanucleotides, 
might yield lower energy conformations. This is already indicated by the 
experimental values obtained for β; this angle is not conformationally 
pure, apart from the gauche - the energetically more favorable trans-
conformation contributes to the structure [41]. Furthermore, molecular 
dynamics simulations show that the ζ -α~-β combination easily converts to 
the ζ -a -3 conformation which is observed in the hexadecanucleotides. 
In conclusion, the loop folding principle is operative in the DNA 
hairpins which are presented in Figs. 15 C-F. Other DNA hairpin structures 
havebeen published [42-44], but in these studies the analysis was restricted 
to NOEs. Therefore they are less well-defined and it is difficult to relate 
these to the folding principle. The hairpin formed by d(CGCG-TTTT-CGCG) for 
example was studied with NOESY and distance geometry. The backbone between 
the residues consisting of 03'-P-051-C5'-C41 is completely undefined [42] 
and exhibits large variation from structure to structure. The position of 
the bases was more reproducible: the third and fourth loop thymidine stack 
on C9, extending the stacking pattern of the stem. The first loop thymine 
stacks at the З'-end of the first helical strand and the second loop 
thymine turns the corner and closes the loop. Whether this hairpin and the 
title compound have the similar folding cannot be answered here, but the 
stacking pattern of the bases in the loop is similar. 
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Fig. 15. Positions in tRNA loops (Α-B), indicated by arrows, where sharp 
turns (180 -turns) occur in the direction of the sugar phosphate backbone. 
In tRNA p h e (A) and tRNAAsP (B) this turn is located after the 5 t h loop 
residue, counting from the 5'-end of the stem. In contrast, for B-DNA 
hairpins (C-F) it is found that the turn is located after the third residue, 
counting from the S'-end of the stem. The octanucleotides are presented as 
four-membered loops according to our folding principle [1]. Within these 
loops the first and forth base form a regular C-G pair. The position of the 
turn corresponds with those of the hexadecanucleotides. 
A class of molecules exhibiting sharp changes in their backbone chain 
are the tRNAs. Detailed data are available for yeast tRNA p h e [45] and yeast 
tRNAAsP [46]; 180° turns (called n-turns in the tRNA literature [33]) are 
observed at the S'-side of the nucleotides 9, 17, 33, 46 and 55 (as 
indicated in Fig 15). Nucleotide 9 and 46 are involved in the junction 
between the D-arm and the amino acyl acceptor arm and between the anticodon 
arm and the T-arm respectively. The remaining turns are present in the three 
loop regions. The combination of torsion angles leading to the it-turns are 
different from those observed for the DNA hairpins (see Table IV in Chapter 
3); extensive discussions have been presented in the literature of the 
combinations of torsion angles leading to turns in tRNA which will not be 
repeated here, except that we mention that the turn with ζ" and a + or a*- is 
the most common. The n-turns in the loop region all occur between the fifth 
and the sixth residue, counting from the 3'-terminal loop residue (in the 
5'-direction; see Fig 15). This is in contrast to the situation in the 
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Fig. 16. Plots of the backbone phosphorus atoms in a B-type and A-type 
helical arrangement. When the A-type helix is extended with 5 residues 
(phosphates) over the major groove, the loop can be closed easily with two 
nucleotides. On the other hand, when the B-type helix is extended at the 31-
end (over the minor groove) then the distance over the minor groove can be 
bridged by one or two nucleotides. Note that the phosphate distances 
crossing the minor groove in B-DNA and the major groove in A-RNA are 
comparable in size. 
aforementioned four DNA hairpins, where after three residues, counting from 
the 5'-end the sharp turn occurs. These observations are in accordance with 
the loop folding principle formulated for the formation of hairpin loops in 
DNA and RNA, except that at the time of the formulation this conclusion was 
based upon the assumption that the stacking present in the stem of the 
hairpin was extended into the loop region [47,48]. For the hairpins 
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discussed here this does not occur in all cases. We do see, however, that 
the phosphate chain maintains the course of an A-type or B-type backbone as 
prescribed by the folding principle and as indicated in the earlier 
representation of this principle by means of a plot of the distances 
between the phosphates in the loop and the terminal phosphate of the stem 
region [47,49]. The base stacking, however, adepts to local energetic needs. 
Fig. 16 shows the structure of an A- and B-type helix schematically. 
At the S'-end of the B-type double helix the phosphate backbone is extended 
with three residues (phosphates). At the 5'-end of the A-type helix the 
backbone is elongated with five phosphates. The position of the phosphates 
in the loop are drawn with white spheres, the phosphates in the stem are 
indicated with black spheres. The distances between the phosphates crossing 
the minor groove after 3 nucleotides in B-DNA and the distances between the 
phosphates crossing the major groove after 5 nucleotides in A-RNA is almost 
identical (12 A). As can be gleaned from Fig. 16 the geometry of hypotheti-
cal trees which connect the phosphates over the minor groove in B-DNA is 
quite similar to those drawn over the major groove in A-RNA. It is noted 
that the P-P distance of 12 Â is correlated with the water structure, which 
was observed with the aid of X-ray diffraction of the Α-DNA structure 
formed by the iodinated tetramer d(iCGCG)2 [50]. It was argued that the 
water structure stitches together the phosphates over the major groove. This 
observation suggests that the water structure in the grooves of hairpin 
loops have a contribution to the overall loop folding of hairpin loops. As 
can be inferred from Fig. 16, the lines between the phosphates, which may 
correspond to 'forces which connect the phosphates', keep intact till the 
turn is made. 
RNA loops occurring in tRNA consist of 7-9 nucleotides. Examination of 
the secondary structure of 16S-RNA indicates that RNA hairpins may form also 
four-membered loops. Indeed melting experiments performed for the series of 
partly self-complementary oligonucleotides r(GGAUAC-N
x
-GUAUCCA) in which N = 
А, С or U and χ = 3,4,5,7 and 9 revealed that hairpins with a 4-5 membered 
loop are most stable [51]. A recent study of the hairpin formed by r(GCGAUU-
UCU-GACCGCC) demonstrates that even three-membered loops in RNA are possible 
[52]. These results can be explained in terms of the folding principle in 
the following way: first we consider, e.g., a seven-membered RNA loop which 
has a folding in which the nucleotide chain is extended at the 5'-end with 
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five nucleotides. The remaining gap is then closed by two nucleotides. The 
nucleotides in the loop will optimize the hairpin stability by adjusting 
their relative positions. In this situation the bases of the loop adjacent 
to the stem may form a pair and reduce the loop to five nucleotides. Such a 
base pair formation may also occur between the second and the sixth loop 
base, but this will probably induce strain in the molecule. This is indeed 
obvious in the NMR study of the hairpin formed by r(GCGAUU-UCU-GACCGCC): 
three ribose sugars have adopted a S-type conformation which is probably 
necessary to relax the strain in the molecule. A further probing of this 
hairpin in terms of the folding principle goes beyond the presently obtained 
structural data. 
CONCLUSION 
The ^-spectrum of the hairpin formed by d(ATCCTA-TTTA-TAGGAT) was 
assigned almost completely by means of a sequential analysis of the NOESY 
and DQF-COSY spectra. Stereospecific assignments of the HS' and H5" protons 
were achieved by means of a semi-quantitative evaluation of the NOE and COSY 
cross peak intensities. The assignment of the resonances of the -^P atoms in 
the loop was achieved with the aid of a HMQC-experiment. 
The orientation of the phosphate backbone torsion angle β and γ in the 
loop were estimated with the aid of an analysis of the NOESY and DQF-COSY 
spectra. The orientation of the backbone torsion angle ε follows from the 
HMQC spectrum, i.e., the long-range 31P-1H coupling between the РЗ' and HZ'. 
Experimental ^Н-^Н coupling constants and NOE cross peak intensities 
were used to obtain structural details of the hairpin structure, especially 
the structure of the loop nucleotides. The detailed conformation of the loop 
was established by means of a multi-conformational analysis in which models 
were generated with a systematic variation of the torsion angles of the 
phosphate backbone. These models were tested against the available distance 
constraints. This resulted in a series of structures which satisfy all the 
constraints. These structures appeared to be very similar and indicate that 
this part of the molecule is determined near atomic resolution. 
The conformation of the loop was docked on a B-type stem. This 
structure was further refined with restrained molecular mechanics. The 
structure has a compactly folded loop. Within the four membered loop a 
Hoogsteen type T-A pair is formed, comprising the first and last base in the 
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-TITA- sequence. This pair is stacked upon the sixth base pair of the stem. 
The second base is folded into the minor groove and the third base is partly 
stacked on the first and fourth loop residue. The turn in the phosphate 
backbone takes place between the third and fourth nucleotide in the loop. 
Comparison of this structure with those published for other DNA and RNA 
hairpins support a general model for the folding of hairpin loops. 
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SUMMASY 
ASPECTS OF LOOP FOLDING IN DNA HAIRPINS 
NUCLEAR MAGNETIC RESONANCE, MULTI-CONFORMATIONAL ANALYSIS, 
UV-MELTING AND MOLECULAR MECHANICS CALCULATIONS 
Natural occurring RNA and DNA contain structural elements which may be 
called hairpins. Such hairpins consist of a double-helical stem of which the 
two strands are connected by a single stranded loop. An example is given in 
the scheme below: 
s A T C C T A 1 Τ 
a T A G G Ä T Τ 
stom loop 
The formation of hairpins, which occurs in cellular RNA and DNA has 
interesting and probably important biological implications. The 
investigations described in this thesis, were aimed to gain insight into the 
spatial structure and conformational properties of DNA hairpins. In order to 
achieve this, these hairpins were studied with nuclear magnetic resonance 
(NMR), multi-conformational analysis, UV-melting experiments and by means of 
molecular mechanics calculations. 
Chapter 1 gives an overview of the 2-dimensional NMR methods, which are 
of importance for the structural investigations of nucleic acids. In 
addition, the nomenclature which is used for the characterization of nucleic 
acid structures is introduced. The relation between NMR parameters such as 
the nuclear Overhauser effect (NOE), the proton-proton distances and J-
coupling constants on the one hand, and the conformation of the nucleotide 
units in the DNA molecule on the other hand, is visualized by way of a 
number of representative plots. Finally, the results of the structural 
investigation of DNA hairpin molecules, which preceded the studies presented 
in this dissertation, are discussed briefly. 
Chapter 2 describes the analysis of a 3'-5' cyclic DNA molecule that 
consists of two nucleotides: the d<pApA>. The study of this molecule is 
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interesting in relation to the investigation of hairpin molecules, because 
the sugar-phosphate chain between the two nucleotides turns 180°. Such 
changes are also observed in the conformation of the sugar-phosphate chain 
of loops in hairpin molecules (Chapters Д and 7) and they appear to be 
better interpretable as a result of the examination of the dinucleotide. 
Moreover, the d<pApA> molecule is related to the cyclic dinucleotide r<pGpG> 
which functions as the natural activator of the cellulose synthase in 
Acetobacter xylinum. With the aid of the determination of 1H-1H, 1H-31P and 
13C-31P coupling constants, it was possible to derive the structure of 
d<pApA>. The conformation of the sugars in this cyclic dinucleotide is, for 
deoxyribose rings, of the unusual N-type. The IBO" turn in the sugar-
phosphate chain of the d<pApA> is caused by the torsion angles α and ζ, 
which both adopt a gauche conformation. This conformation appears to be 
also a part of the 180° change in direction which occurs in the studied 
hairpin loops (Chapters 4 and 7). At lower temperatures, the d<pApA> in 
solution appears to form a dimer, in which a new type of base stacking 
plays a role. At elevated temperatures and/or in extreme dilutions the dimer 
transfers into two monomers which can change conformation. 
In Chapter 3 the d<pApA> molecule is studied with the aid of molecular 
mechanics calculations. 'All possible' conformations were generated, by 
means of systematically sampling the conformational space, allowed by this 
molecule, by way of a multi-conformational analysis. From this compilation 
the low energy conformations (conformers) were obtained with the aid of 
energy minimization methods. It appeared that the lowest energy conformer 
gives a good description of the experimentally determined structure. Through 
a comparison of the structures of low energy conformers, a better 
understanding of the conformational properties of the molecule was 
obtained. Particularly, the occurrence of the N-type deoxyribose sugars in 
the lowest energy conformer could be understood. 
Chapter A describes NMR studies of the hairpin structure formed by the 
d(ATCCTA-TTTT-TAGGAT) sequence. 2-dimensional NMR experiments which were 
performed for this hairpin (roughly 160 protons) allowed an almost complete 
assignment of the resonances of the IH-spectrum. On the basis of a 
sequential analysis of the cross peaks in the NOESY spectrum (2D-N0E 
spectrum) and an analysis of coupling constants, it could be concluded that 
the stem of the hairpin can be characterized as a B-type double-stranded 
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helix. The stacking of the bases in the stem is propagated into the loop: 
the B-type stacking is extended at the S'-end of one of the chains of the 
stem into the loop with three nucleotides. The sugar-phosphate chain changes 
its direction between the third and fourth nucleotide in the loop. The 
fourth base turns towards the interior of the loop and forms a T-T pair with 
the first base in the loop. The conformation which is responsible for the 
180° turn in the phosphate chain between the third and fourth residue in the 
loop, was derived with the aid of multi-conformational analysis. The 
structure was also examined with molecular mechanics calculations. 
Coordinates, which were obtained from these calculations of the lowest 
energy structure, were used for a simulation of the NOESY spectrum and the 
results of the calculation and experiment were quite similar. 
In Chapter 5 the folding principle for hairpins, which was first 
proposed by Haasnoot et al. (J. Biomol. Struct. Dyns (1986), 3, 843-857) is 
further elaborated. This principle was formulated on the basis of the 
observed difference in stability of DNA and RNA hairpin molecules as a 
function of their loop size. On the basis of the geometric properties of A-
RNA versus B-DNA it is 'advantageous' to extend the 5'-end of the A-type 
helix with about five nucleotides. The remaining gap, which has to be 
bridged to the S'-end of the stem, is then easily closed by two nucleotides. 
For a B-type helix it is 'advantageous' to extend the S'-end with two or 
three nucleotides. The remaining gap to the 5'-end of the stem is then 
easily closed with one or two nucleotides. This principle, whose validity 
was supported by the structure of the hexadecanucleotide d(ATCCTA-TTTT-
TAGGAT) (Chapter 4) appears to require extension on the basis of the same 
structure. The formation of a wobble T-T pair within the loop structure, 
brought forth the question whether this pair could be substituted by a 
complementary C-G or Α-T combination. For this purpose the performed 
molecular mechanics calculations in this chapter suggest that base pairing 
in a loop of four nucleotides is indeed possible for the loop sequences-
CTTG- and -TTTA- but not for the loop sequences -GTTC- and -ATTT-. 
These results formed a basis for the experiments described in Chapter 
6. The hairpins with the aforementioned loop sequences were synthesized and 
subjected to UV-melting studies and NMR-experiments. It appeared that the 
hairpins with the loop sequences -CTTG- and -TTTA- are significantly more 
stable than those with the loop sequence -GTTC- and -ATTT-. With the aid of 
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NMR experiments of the hairpins with the -TTTA- and -CTTG- loop sequences an 
extra base pair was observed. For the -GTTC- and -ATTT- loops no such 
indication is found. In addition, the influence of the base pair sequence of 
the stem and the replacement of the two central thymines by adenines was 
studied. 2D-NMR experiments performed for the hairpin formed by d(ATCCTA-
TTTA-TAGGAT) lead to the discovery that the additional T-A pair, formed 
within the loop of four nucleotides, has an unusual Hoogsteen configuration. 
The conformational analysis of nucleic acids with the aid of NMR is 
complicated. In the first place the experimental data, e.g., NOE intensities 
and J-coupling constants must be translated into H-Η distances and torsion 
angles and, subsequently, these must be translated into a structure. 
Chapter 7 describes a method in which the (loop) structure of the hairpin 
formed by d(ATCCTA-TTTA-TAGGAT) could be derived. In this procedure the 
sugar conformation and the glycosidic torsion angles were derived initially 
through multi-conformational calculations, in which the available J-
couplings and NOE intensities were used. Intra- and inter-nucleotide proton-
proton distances were estimated by means of a relaxation matrix calculation 
without the necessity of introducing a molecular model. The torsion angles 
β, γ and ε were estimated from homo- and hetero-coupling constants, when 
possible. The structure of the loop was subsequently derived with the aid of 
multi-conformational analysis. The hairpin formed by d(ATCCTA-TTTA-TAGGAT) 
appears to have a B-type stem, the first and the fourth base of the loop 
form a Hoogsteen pair, which is stacked upon the last base pair of the stem 
(Chapter 6). The second base of the loop folds back into the minor groove of 
the B-type double helix. The third is partly stacked on the first and 
partly stacked on the fourth loop base. The sugar-phosphate chain makes a 
180° turn between the third and fourth residue of the loop. Furthermore, a 
comparison is made between the structures of the hairpins formed by 
d(ATCCTA-TTTT-TAGGAT) and d(ATCCTA-TTTA-TAGGAT). In spite of the differences 
in the stacking pattern of the bases in the loop, several structural 
resemblances are obvious: in both structures, the sugar-phosphate chain in 
the loop follows its course in the 3'-direction according to the pattern of 
a B-type helix, though with some local deviations. After the third residue, 
the phosphate backbone makes a sharp 180° turn and the remaining gap is 
closed by one nucleotide. The conformation of the region which exhibits the 
change in direction of the chain, is almost a copy of the base stacking 
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pattern in the loop. The thus far obtained results suggest that the folding 
in these hairpins can be described with the aid of relatively simple rules. 

SAMENVATTING 
ASPECTEN VAN LUSVOUWING IN DNA-HAAHSPELDEN 
KERNMAGNETISCHE RESONANTIE, MULTI-CONFORMATIE ANALYSE, 
UV-SMELT EN MOLECULAIRE MECHANICA BEREKENINGEN 
Natuurlijk voorkomend RNA en DNA bevat structuurelementen welke men 
haarspelden zou kunnen noemen. Zulke haarspelden bestaan uit een dubbele 
helix, waarvan de twee strengen verbonden zijn via een enkelstrengs lus. Een 
voorbeeld wordt gegeven in het onderstaande schema: 
s A T C C T A Τ 
a- f À G G À Τ Τ 
stam lus 
De haarspeldvorming, die in cellulair RNA en DNA voorkomt heeft interessante 
en waarschijnlijk belangrijke biologische implicaties. Het in dit proef­
schrift beschreven onderzoek was er op gericht inzicht te verwerven in de 
structuur en de conformationele eigenschappen van DNA haarspelden. Daartoe 
werden deze bestudeerd met kernmagnetische resonantie (NMR), multi-conforma-
tie analyse, UV-smeltmetingen en middels moleculaire mechanica berekeningen. 
Hoofdstuk 1 geeft een overzicht van de 2-dimensionale NMR-methoden, 
welke belangrijk zijn voor het structuuronderzoek van nucleïnezuren. Tevens 
wordt de nomenclatuur geïntroduceerd welke gebruikt wordt ter karakterise-
ring van nucleïnezuurstructuren. De relatie tussen NMR parameters zoals het 
nucleaire Overhauser effect (NOE), de proton-proton afstanden en J-koppe-
lingsconstanten enerzijds, en de conformatie van de nucleotide eenheden in 
het DNA-molecuul anderzijds, wordt in beeld gebracht via een aantal 
representatieve voorstellingen. Tenslotte worden de resultaten van struc-
tuuronderzoek aan DNA-haarspeld moleculen, dat voorafging aan het in deze 
dissertatie beschreven onderzoek, kort besproken. 
Hoofdstuk 2 beschrijft de analyse van een uit twee nucleotiden 
bestaande 3'-5'-cyclische DNA-molecuul, het d<pApA>. De studie van dit 
molecuul is interessant in het kader van het onderzoek aan haarspeld 
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moleculen omdat de suiker-fosfaat-keten tussen de twee nucleotiden 180° van 
richting verandert. Dergelijke veranderingen worden ook waargenomen in de 
conformatie van de suiker-fosfaat-keten van de lussen in haarspeldmoleculen 
(hoofdstuk 4 en 7) en blijken door het onderzoek aan het dinucleotide beter 
interpreteerbaar. Verder is het d<pApA> molecuul verwant aan het cyclische 
dinucleotide r<pGpG> dat als de natuurlijke activator fungeert van het 
cellulose synthase in Acetobacter xylinum. Middels de bepaling van ^Н-^Н, 
^H- Ρ en H^-l-^ C koppelingsconstanten kon de structuur van het d<pApA> 
worden afgeleid. De conformatie van de suikers in dit cyclische dinucleotide 
is van het, voor deoxyriboseringen, ongebruikelijke N-type. De 180°-
richtingsverandering in de suiker-fosfaat-keten van het d<pApA> wordt 
veroorzaakt door de torsiehoeken α and ζ, die beiden een gauche waarde 
aannemen. Deze conformatie blijkt ook onderdeel te zijn van de 180°-
richtingsverandering die in de bestudeerde haarspeld lussen optreedt 
(hoofdstuk A en 7). Bij lagere temperatuur blijkt het d<pApA> in oplossing 
een dimeer te vormen, waarbij een nieuwe vorm van basestapeling een rol 
speelt. Bij hogere temperatuur en/of grote verdunningen gaat het dimeer over 
in twee monomeren die van conformatie kunnen veranderen. 
In hoofdstuk 3 wordt het d<pApA> molecuul bestudeerd met behulp van 
moleculaire mechanica berekeningen. 'Alle mogelijke' conformaties werden 
gegenereerd door een systematische bemonstering van de voor dit molecuul 
toegestane conformatieruimte middels een multi-conformatie analyse. Uit 
deze verzameling werden de lage-energie-conformaties (conformeren) verkregen 
met behulp van energie-minimalisatie berekeningen. Het bleek dat de laagste-
energie-conformeer een goede beschrijving is van de experimenteel bepaalde 
structuur. Door vergelijking van de structuren van de lage-energie-conforme-
ren werd een beter inzicht verkregen in de conformatie-eigenschappen van het 
molecuul. Met name het voorkomen van de deoxyribosesuikers in de N-toestand 
in de laagste-energie-structuur kon hierdoor worden begrepen. 
Hoofdstuk 4 beschrijft NMR studies aan de haarspeldstructuur gevormd 
door de d(ATCCTA-TTTT-TAGGAT) sequentie. 2-dimensionale NMR-experimenten die 
aan deze haarspeld (ca 160 protonen) werden uitgevoerd maakten het mogelijk 
de resonanties van het ^-H-spectrum vrijwel volledig toe te kennen. Op basis 
van een sequentiële analyse van de kruispieken in het NOESY-spectrum (2D-N0E 
spectrum) en een analyse van koppelingsconstanten kon geconcludeerd worden 
dat de stam van de haarspeldstructuur kan worden gekenmerkt als een B-type 
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dubbelstrengshelix. De stapeling van de basen in de stam wordt voortgezet 
in de lus. De B-type stapeling wordt aan het 3'-einde van één van de ketens 
van de stam in de lus met drie nucleotiden verlengd. De suiker-fosfaat-keten 
verandert tussen het derde en vierde nucleotide in de lus van richting. De 
vierde base draait naar binnen en vormt een T-T paar met de eerste base van 
de lus. De conformatie die zorg draagt voor de 180o-richtingsverandering 
welke fosfaatketen ondergaat tussen het derde en vierde residu van de lus, 
werd met behulp van muiti-conformatie analyse bepaald. De structuur werd 
ook onderzocht met moleculaire mechanica berekeningen. Coördinaten, welke 
via deze berekeningen werden verkregen voor de laagste-energie-structuur, 
werden gebruikt voor een simulatie van het NOESY-speetrum en dit resulteerde 
in een kwalitatieve overeenkomst tussen experiment en simulatie. 
In hoofdstuk 5 wordt het vouwingsprincipe voor haarspeldlussen dat 
voor het eerst werd voorgesteld door Haasnoot e.a. (J. Biomol. Struct. Dyns. 
(1986), 3, 843-857) verder uitgewerkt. Voornoemd principe werd geformuleerd 
op basis van het waargenomen verschil in stabiliteit van DNA- en RNA-
haarspeldmoleculen als functie van hun lus grootte. Op grond van de 
geometrische eigenschappen van A-RNA versus B-DNA is het 'voordeliger' om 
het 5'-einde van de A-type helix te verlengen met ongeveer vijf nucleotiden. 
De overgebleven ruimte die naar het 3'-einde van de stam overbrugd moet 
worden kan dan gemakkelijk gesloten worden met twee nucleotiden. Voor een B-
type helix is het 'voordeliger' om het 3'-einde te verlengen met twee of 
drie nucleotiden. De ontstane ruimte naar het 5'-einde van de stam is dan 
eenvoudig te overbruggen met één of twee nucleotiden. Dit principe, waarvan 
de geldigheid kon worden ondersteund middels de voor het hexadecanucleotide 
d(ATCCTA-TTTT-TAGGAT) gevonden structuur (hoofdstuk 4), blijkt op de basis 
van deze zelfde structuur uitbreiding te behoeven. De vorming binnen de lus 
structuur van een T-T wobble paar deed de vraag rijzen of dit paar ook 
vervangen kon worden door een complementaire C-G of A-T combinatie. De 
daartoe in dit hoofdstuk uitgevoerde moleculaire mechanica berekeningen 
suggereren dat baseparing in een lus van vier nucleotiden inderdaad mogelijk 
is voor de lus sequenties -CTTG- en -TTTA- maar niet voor de lus sequenties 
-GTTC- en -ATTT-. 
Deze resultaten legden de basis voor de experimenten beschreven in 
hoofdstuk 6. De haarspelden met bovengenoemde lussequenties werden gesynthe-
tiseerd en onderworpen aan UV-smeltstudies en NMR-experimenten. Het bleek 
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dat haarspelden met lussequenties -CTTG- en -TTTA- significant stabieler 
zijn dan die met de lussequentie -GTTC- en -ATTT-. Met behulp van NMR 
experimenten kon aangetoond worden dat voor de -CTTG-en -TTTA- lussequenties 
een extra basepaar gevormd wordt. Voor de -GTTC- en -ATTT- werden daarvoor 
geen aanwijzingen gevonden. Tevens werd de invloed van de basepaarvolgorde 
in de stam en vervanging van de twee centrale T's in de lus door A's 
bestudeerd. 2D-NMR experimenten uitgevoerd aan de haarspeld gevormd door 
d(ATCCTA-TTTA-TAGGAT) leidden tot de ontdekking dat het extra T-A base paar 
dat gevormd wordt binnen de lus van vier, de ongebruikelijke Hoogsteen-
configuratie heeft. 
De conformatie-analyse van nucleïnezuren met behulp van NMR is 
gecompliceerd. Eerst moeten de experimentele data, d.w.z. NOE-intensiteiten 
en J-koppelingsconstanten, vertaald worden naar H-Η afstanden en torsiehoe-
ken en vervolgens moeten deze gegevens vertaald worden naar een structuur. 
In hoofdstuk 7 wordt een methode beschreven waarmee de (lus)structuur van de 
haarspeld gevormd door d(ATCCTA-TTTA-TAGGAT) kon worden afgeleid. In deze 
procedure werden eerst de suikerconformaties en de glycosidische torsiehoe-
ken afgeleid middels multi-conformatie berekeningen, waarmee gebruik gemaakt 
werd van beschikbare J-koppelingen en NOE-intensiteiten. Intra- en inter-
nucleotide proton-proton afstanden werden bepaald door gebruik te maken van 
een relaxatie matrix berekening zonder dat daarbij een moleculair model 
behoefde te worden geïntroduceerd. De torsiehoeken β, γ and ε werden voor 
zover mogelijk bepaald uit homo- en hetero-nucleaire koppelingsconstanten. 
De structuur van de lus werd vervolgens afgeleid met behulp van multi-
conformatie analyse. De haarspeld gevormd door d(ATCCTA-TTTA-TAGGAT) blijkt 
een B-type stam te hebben, de eerste en vierde base van de lus vormen een 
Hoogsteen-paar, dat gestapeld is op het laatste basepaar van de stam 
(hoofdstuk 6). De tweede base van de lus vouwt terug in de 'minor groove' 
van de B-type stam; de derde is deels gestapeld op de eerste en deels op de 
vierde base in de lus. De suiker-fosfaat-keten verandert tussen het derde en 
vierde residu van de lus 180° van richting. Vervolgens werd een vergelijking 
uitgevoerd van de structuur van de haarspelden gevormd door d(ATCCTA-TTTT-
TAGGAT) en d(ATCCTA-TTTA-TAGGAT). Ondanks het feit dat het stapelingspatroon 
van de basen in de lus verschilt, hebben ze een aantal belangrijke structu­
rele overeenkomsten. In beide haarspelden vervolgt de fosfaatketen in de lus 
zijn weg in de 3'-richting volgens het patroon van een B-type helix, zij het 
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soms met locale afwijkingen. Na het derde residu maakt de fosfaatketen een 
scherpe 180°-draai en de resterende ruimte wordt gesloten door één nucleoti-
de. De conformatie van het gebied waarin de richtingsverandering van de 
keten plaatsvindt is een weerspiegeling van het base-stapelingspatroon in de 
lus. De tot nu toe beschikbare resultaten suggereren dat de vouwing in deze 
DNA- haarspelden met behulp van relatief eenvoudige regels kan worden 
beschreven. 
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